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1  Introduction 
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Free radicals are neutral atomic or molecular species with unpaired electrons 
not contributing to intra-molecular bonding. The unpaired electron(s) of these 
open shell configurations are in that sense "free".  Free radicals are capable of 
independent existence but are usually very unstable due to the highly reactive 
unpaired electrons, which are likely to take part in chemical reactions trying to 
capture the needed electron to gain stability. They play an important role in 
astrophysics, combustion processes, atmospheric chemistry, polymerization, 
plasma chemistry, biochemistry, and many other chemical processes. 
 
 
1.1. GOAL OF THIS THESIS  
 
In this thesis photodissociation and photoionization of the hydroxyl (OH) free 
radical and the isotopomer OD is studied.  No distinction is made in this chapter 
between the two isotopic analogs. OH is of interest because of its simple and 
unique properties due to the open shell structure. The hydroxyl radical (OH 
(1sσ)2 (2sσ)2 (2pσ)2 ( 2pπ)3), as a combination of O(1s22s22p4) plus one valence 
electron from H(1s), is one electron short of forming a closed-shell molecule. 
OH is a key reactive species in the interstellar medium, in the Earth’s 
atmosphere, and in combustion processes. In the interstellar medium the OH 
radical is one of the most abundant molecules after H2. Its microwave emissions 
have been observed from many different sources such as in regions of stellar 
formation where this radical plays a crucial role in the formation of other 
interstellar molecules. Also, in the Earth’s atmosphere the OH molecule is an 
important intermediate species in many reactions. Most trace gases are removed 
from our atmosphere by a chemical reaction with this radical.  
          Despite its obvious importance, very few collision-free studies of OH 
using modern experimental techniques have been reported.  This is because OH 
radicals are short-lived species (the average chemical lifetime in the atmosphere 
is less than 1 second), difficult to produce in large quantities, and in general 
quantitative measurements of OH concentrations are also difficult to perform, 
especially for vibrationally excited hydroxyls, which are formed, for example, 
by the reaction of H atoms with ozone. Because of this, improving the means 
for production and detection of OH is an important experimental challenge.  
          Ultraviolet (UV) light in the wavelength range 200-250 nm is used in the 
work described in this thesis to study the photodynamics of OH after 
photoexcitation.  The resulting photoproducts OH+, O, and H are detected using 
advanced imaging methods. The intense UV laser light we use can drive several 
competing processes in OH including dissociation, ionization and fluorescence, 
as shown schematically in the Figure 1.1, which includes the ab initio potential-
energy curves for OH from Van der Loo and Groenenboom.1  Dissociation 
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Figure 1.1.  Ab initio potential-energy curves for OH from Van der Loo and Groenenboom,1 and 
photo-induced processes in OH that are driven by intense UV light in the 200-250 nm region. 
Valence electronic states correlate with separated atoms in their lowest energy configuration, 
while Rydberg states correlate with an electronically excited separated atom configuration. Three 
competing processes are shown which follow absorption of a photon: fluorescence from the 
bound A 2Σ+ state back to the X 2Π ground state; dissociation, via the repulsive 1 2Σ- state or via 
predissociation from the A 2Σ+ state, to atomic products; or photoexcitation to the D 2Σ- or 3 2Σ- 
Rydberg state, which is then photo-ionized by a third photon to form OH+ plus and electron.  
Dissociation can also take place at the second photon level. 
 
products (H(2S) + O(3P)), ionization products (OH+), and fluorescence emission 
are studied in different chapters in this thesis. 
          Photodissociation by VUV radiation is an important destruction process 
of OH molecules, both in the interstellar space and in the Earth’s atmosphere.2,3 
Knowledge of the photodissociation rates is essential for the determination of 
the abundance of this molecule and is also important for understanding the rates 
of chemical reactions involving the OH radical. For this reason, van Dischoeck 
and Dalgarno4 reported the first detailed quantitative theoretical investigations 
of OH in 1983, using advanced ab initio methods, and they performed extensive 
calculations of the photodissociation rates of OH under condition relevant to 
interstellar media. A number of other authors has subsequently reported 
improved ab initio calculations on OH.1,3,5,6  In this thesis by starting with 
vibrationally excited OH we can use UV photons to study the equivalent energy 
range of VUV dissociation. 
          The 2Π ground electronic state and the 12Σ-, 14Σ-, and 14Π repulsive states, 
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shown in Figure 1.1, correlate with the first dissociation limit (O(3P)+H(2S)) 
while the well-known A2Σ+ bound state, used in laser induced fluorescence 
(LIF) detection, correlates with the second, (O(1D)+H(2S)) limit. 
          The potential energy curves and transition dipole moments, which vary 
strongly with the internuclear distance, R, for the lower excited electronic states 
of the OH radical correlating with the lowest dissociation atomic limits ( O(3P),  
O(1D) and O(1S) + H(2S)) were the main focus of previous theoretical studies, 
which also included calculation of photodissociation yield spectra for transitions 
from X2Π(v″) to the repulsive excited states and to bound states that 
subsequently dissociate.  Parlant and Yarkony7 employed potentials for the X 
2Π, A2Σ+, 14Σ-, 12Σ-, and 14Π states in a study on vector properties of OH 
photofragments, wherein also the spin-orbit and Coriolis interactions between 
the above-mentioned states were described.  
          Correlations and interference effects are of general interest in 
photodissociation research, and OH can provide very direct information in both 
topics. Very sensitive information on the photodynamics of OH can be gained 
by determining the molecular body-fixed (j, ω) state distribution for O(3PJ) 
atoms, and ω distributions for O(1D2) atoms following excitation of the different 
electronically excited states of OH.8 Here, j is the atomic angular momentum 
(spin plus orbit) and ω is the projection of j on the internuclear axis.  This 
information can be compared with predictions from the so-called adiabatic 
correlation diagram connecting the electronically excited states and the 
separated fragment atom limits. Depending on the correlation diagram, a single 
molecular excited electronic state may correlate with a single (j, ω) atomic 
fragment state.  OH is a simple enough molecule to make ab initio predictions 
of these properties. In this thesis, PE curves for the X 2Π and 12Σ- states, 
reported by van der Loo and Groenenboom1, are used to predict the wavelength 
dependent photodissociation cross sections for OH X(v”=0-5), and their 
contribution to the final O(3PJ) product distributions (as prescribed for sudden-
limit dissociation) in the molecular body-fixed (j, ω) and laboratory (J, MJ) 
frame.9   
          For a rapid (axial) photodissociation process taking place via a single 
electronic state the direction of the atomic fragment recoil is fixed 
(perpendicular or parallel) in relation to the laser polarization direction when 
using a linearly polarized dissociation laser.  The adiabatic correlation diagram 
predicts ω, the projection of j on the molecular axis, which is thus the recoil 
direction.  The atomic fragment is probed in our experiments using a linearly 
polarized detection laser, whose polarization is set either parallel or 
perpendicular to the dissociation laser polarization direction.  Using the velocity 
map imaging method,10 the speed and angular distribution of state-selected 
atomic products is measured as a function of the probe laser polarization 
direction.  In the laboratory frame MJ, the projection of the atomic angular 
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momentum J on the detection laser polarization direction is determined. For our 
well-defined geometries, angular momentum algebra can be used to relate the 
molecular body-fixed (j, ω) and laboratory frame (J, MJ) quantum numbers. 
          In this thesis the term atomic orientation means that the population of the 
states MJ and –MJ (MJ = +2 and MJ = -2 for O(3P2) atoms, for example) are not 
equal, while for alignment the populations of MJ and MJ’ states are equal for 
MJ’= –MJ and unequal for MJ’≠ ±MJ. Photodissociation taking place according 
to the adiabatic correlation diagram will often result in aligned atomic 
fragments.  Interference effects can take a place when two different electronic 
states are simultaneously excited in the absorption step. Interesting 
consequences of interference have been predicted by Lee in the region of the 
second dissociation limit (O(1D) + H(2S)).11 Rapid variations in O(3P)/O(1D) 
yields and angular distributions in this region are predicted.  Interference can 
lead, for example, to orientation of the product angular momentum.12  
Orientation and alignment properties of atomic fragments are of fundamental 
interest in photodissociation process of a diatomic molecule.13  In practice, 
atomic alignment when probed with a polarized detection laser will perturb the 
measured product angular distributions. The study of these distributions is of 
direct importance for the understanding of the dissociation process of OH. 
          Besides photodissociation, this thesis also describes extensive 
investigations of the photoionization dynamics of OH. It will be shown that 
spectroscopy of OH can be studied in detail using REMPI combined with 
velocity map imaging (VMI) as an experimental tool. Almost all of the bound 
states of OH show predissociation dynamics, we can thus study dynamics via 
spectroscopy. The work described in this thesis makes a contribution to the 
spectroscopic knowledge of Rydberg states of the hydroxyl radical. 
 
 
1.2. SPECTROSCOPY OF OH 
 
The structure and spectra of OH has been the subject of a large number of 
theoretical and experimental investigations using many different spectroscopic 
techniques. In contrast to the vast majority of stable molecules, the ground 
electronic 2Π state of OH, like many free radicals, is a state with a non-zero 
electronic orbital and spin angular momentum. Because of these non-zero 
angular momenta the energy levels of the OH radicals show fine structure and 
effects of the coupling between rotation and electronic motion, such as Λ-
doubling in the 2Π and ρ-doubling in the A 2Σ+ state. Figure 1.2 shows an energy 
level diagram for the X and A states of OH. The X 2Π ground electronic state of 
OH is built from ground state O(3P) and H(2S) atoms. The corresponding 
ground state configuration of the nine electrons, in the united atom picture, is 
given by: (1sσ)2 (2sσ)2 (2pσ)2 ( 2pπ)3. For this configuration the projection of the 
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electron orbital angular momentum L
r
on the internuclear axis is 1  ±=Λ  and 
the projection of the electron spin angular momentum, S
r
, on the internuclear 
axis is 
2
1
  ±=Σ . The resulting term symbol of the ground state is 2Π. This state 
consists of two spin-orbit states: 2Π1/2 state with 
2
1
=Σ+Λ≡Ω  and the 2Π3/2 
state with 
2
3
=Ω . The 2Π3/2 state is lower in energy than the 2Π1/2 state and 
because of the low internal temperature of our sample, most of the 
spectroscopic transitions originate from 
2
3
=Ω  state. The energy difference 
between the two spin-orbit states )cm 126( -1≈ is larger than the rotational level 
splitting between the lowest rotational states )cm 84( -1≈ . Hence, the coupling 
of the nuclear angular momentum R
r
 to the electronic angular momenta follows 
nearly a Hund’s case (a) coupling scheme for low rotational states.  For higher 
rotational states, however, the OH molecule is best described as an intermediate 
Hund’s case molecule. The  2Π3/2 and 2Π1/2 level each split into two closely lying 
Λ-doublet components with different symmetry. The spectroscopic symmetry 
labels e and f are used to designate, respectively, lower and upper Λ-doublet in 
the lower spin-orbit state of the ground electronic state of OH. The Λ-doublet 
splitting is about 0.055 cm-1 in the lowest 2Π3/2 rotational state of OH and 
increases with increasing rotational level. 
 
          Quantitative data on the electronically excited states OH are limited.  Up 
to now only five excited electronic states of OH have been identified 
experimentally, A 2Σ +, B 2Σ +, C 2Σ +, and the lowest lying Rydberg D 2Σ- and 3 
2Σ- states. A large number of experimental studies on OH have used laser 
induced fluorescence (LIF) spectroscopy technique to study the A 2Σ + state.   
The A 2Σ+ - X 2Π band system has been very well characterized using this 
technique14,15,16,17  and in particular, one-photon excitation of the A 2Σ +- X 2II 
(0-0) band system at ~ 308 nm is very convenient for OH detection.  Most of 
the experimental measurements of OH radicals have been concentrated on 
studies of the predissociation lifetimes of the individual rovibrational levels in 
the A-X electronic system18,19,20,21,22 and all rotational levels in v' ≥2 have been 
shown to undergo predissociation.18,19  The excited B 2Σ + and C 2Σ + states of 
OH have been seen by emission into the higher vibrational levels of the A 2Σ + 
state at about 500 nm and 250 nm, respectively, and their radiative life times 
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Figure 1.2. Rotational energy level diagram of the ground X 2Π(v”=0) and first excited 
A2Σ+(v’=0)  electronic states of OH including some dipole-allowed transitions. The energy levels 
are labelled by both quantum numbers N and J, parity p and Λ-doubling symmetry e/f. The energy 
splitting of the Λ-doublet and ρ-doublet components is exaggerated for reasons of clarity. For an 
energy level diagram illustrating the upper and lower states involved in two-photon 2Σ− - 2Π 
transitions see Chapter 3.   
 
have been determined.23,24,25    
          Several resonance enhanced ionization schemes have been developed for 
OH radicals,26,27,28,29  but these have not been widely adopted for OH detection.  
Most of the studies utilize the lowest lying D 2Σ− and 3 2Σ− Rydberg states of 
OH, as resonant intermediate states, as illustrated in more detail in Fig. 3.1 of 
Chapter 1 8 
 
Chapter 3. The properties of these Rydberg states have been studied by direct 
absorption,30 (2+1) resonance enhanced multiphoton ionization (REMPI) 
spectroscopy,27,28 and (1+1) REMPI.26  
Our photoionization study of OH is focused on improving the characterization 
of the spectroscopic constants and the dynamics of the D 2Σ− and 3 2Σ− Rydberg 
states using (2+1) REMPI spectroscopy.31 We observed two-photon transitions 
from the hexapole-selected OH X 2Π3/2 (J=3/2, f) ground state to the D 2Σ− 
(v′=0-3) and 3 2Σ−(v′=0,1) vibronic levels, extending previous studies to higher 
vibrational levels of the Rydberg states. Our work confirms that highly excited 
vibrational levels of OH are present in the discharge beam. Moreover, our 
observed new transitions of the OH radical contain only a few rotational lines, 
which means that the OH radical produced by the discharge is rotationally cold, 
but vibrationally hot.31 
          Laser ionization, particularly resonance-enhanced multiphoton ionization 
(REMPI) detection could serve as a more convenient alternative to LIF 
detection in certain circumstances. At low number densities the ability to detect 
single ions free from interference from scattered laser light give REMPI 
detection a greater sensitivity than LIF and in addition REMPI offers greater 
collection efficiency. REMPI measures both the wavelength signature and the 
charge to mass ratio of the molecule, giving thus a more positive identification. 
However, the A state is not a suitable state for REMPI since it requires three 
more photons for ionization.  
 
 
1.2.1.  The advantage of velocity map imaging for studying OH REMPI 
 
OH is produced in an electrical discharge passing through a pulsed molecular 
beam expansion of water seeded in Argon.  Rotational cooling in the beam is 
found to be efficient compared to vibrational cooling of the OH.32  
          When the laser beam ionizes the OH parent molecules, the ions receive 
essentially no recoil (kinetic energy release) and thus appear as a center spot at 
the velocity map imaging detector. REMPI spectra of OH are thus measured in 
only this small selected center region of the image by summing the signal for a 
fixed number of laser shots before the laser is stepped in wavelength. The 
process is then repeated until a desired wavelength range is covered in the 
REMPI spectrum.  In Fig. 1.3(a) an OH+ image coming from photoionization of 
discharge-formed OH is presented. 
          When high velocity OH molecules, for example OH originating from 
photodissociation of H2O still present in the discharge beam, are ionized, they 
appear on the ion detector as a 2D projection of the ion spheres. In Fig. 1.3(b) 
an image of hot (high velocity) OH+ beam coming from photodissociation of 
H2O is presented.  The observed signal could come from two different kinds of 
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processes: 
 
1.) Photodissociation of H2O and subsequently photoproduct ionization: 
 
H2O +2hν OH+H 
OH+3hν OH+     or   
 
2.) Dissociative ionization of H2O: 
 
H2O +3hν H2O+ 
H2O+ +1hν OH++H 
 
          By measuring only the zero kinetic energy region (by taking a rectangular 
region only around OH+ ions coming from photoionization of cold OH) we can 
discriminate against the OH from H2O signals. In Fig. 3.1(c) the central region 
of image at mass 17(OH+) from H2O and also the selected rectangular region 
used for collection of cold OH+ ions are presented. 
 
          As can be seen by example from above the application of VMI10 is 
essential in obtaining the resonance enhanced multiphoton ionization spectrum 
of the lowest lying D 2Σ- and 3 2Σ- Rydberg states.31  
 
 
a)                              b)                              c)
 
Figure 1.3. 
a) Image at mass 17 (OH+) taken at a wavelength where there is no overlap with (hot) 
water absorption.  The dot in the middle of the image indicates a parent ion (no kinetic 
energy release). All the signal is concentrated on a few pixels by the velocity mapping 
lens.  The molecular beam diameter itself is roughly 20 times larger. 
b) Image at mass 17 (OH+) due to absorption by H2O. High velocity OH ions give a cloud 
in the middle of image and some weakly structured larger rings. 
c) Expanded portion of figure (b). By measuring only the zero kinetic energy region we 
can discriminate against the signal from the photodissociation of H2O. 
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1.3.  PHOTODISSOCIATION OF OH  
 
As a fundamental result of the interaction of light and matter, molecular 
photodissociation has been the subject of many investigations. 
Photodissociation can provide very useful information on molecular electronic 
states and the interactions between them, including relations between different 
potential surfaces and the results of dynamic processes (product branching 
ratios, angular distributions, orientation and alignment). Diatomic molecules 
provide the most accurate testing ground for our ab-initio theoretical 
understanding of molecular quantum mechanics. 
          After absorption of n photons by the diatom AB in the ground state, an 
excited state AB* can be populated, which can break apart into fragments A and 
B: 
             AB + nhν   AB*  A + B 
 
The energy required to break the AB bond starting from the ground (v”=0) 
vibrational level is called the dissociation energy (D0). 
           
Diatomic molecular photodissociation can proceed via two mechanisms:  
1.) Direct dissociation by absorption into a repulsive state or to the repulsive 
wall of a bound state. Bond breaking occurs on a very short time scale (10-13 – 
10-14 s). 
2.) Indirect photodissociation by excitation to a bound state followed by 
predissociation by coupling with a repulsive state. The timescale of 
predissociation processes depends on the strength of the coupling between the 
bound excited state and various possible dissociating state(s) depending on the 
coupling mechanism. 
          In this thesis photodissociation of OH radicals via the above-mentioned 
mechanisms is investigated, by exciting OH with a pulsed laser and then using 
resonance enhanced multiphoton ionization (REMPI) of the atomic fragments in 
combination with the velocity map ion imaging technique to measure the speed 
and angular distribution of each quantum state of the product atom arising from 
photodissociation of OH molecule. By conservation of energy and momentum, 
measurement of the velocity of one atomic product also provides information 
about the internal state distribution of the undetected dissociation co-fragment.  
In the past, most experiments on photodissociation have been performed at a 
few specific fixed laser wavelengths. Using the widely tunable narrow band 
radiation sources it is, in principle, possible to investigate the full wavelength 
dependence of the OH dissociation process. Alternatively, one can 
photodissociate a range of excited vibrational levels of OH at few fixed 
wavelengths to gain the equivalent information.  Furthermore, it is most 
efficient to use the same laser for both photodissociation of OH and state-
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specific REMPI of an atomic product.  In this thesis the photodissociation 
pathways of OH for the 12Σ- and A 2Σ+ excited electronic states33,9,34 are 
characterized, by photodissociation of OH in v”=0-4, using both a one-laser and 
separate dissociation-probe experiments using two lasers.   
          In studies of direct dissociation via the 12Σ- repulsive state33,9 we have 
succeeded in observing state-to-state photodissociation of OH with detection of 
the H and O atom products using velocity map imaging. For photodissociation 
and detection of O(3PJ) from OH and OD, and D(2S) from OD the same laser 
could be used, tuned to the (2+1) REMPI lines around 226 nm via the 2p33p1 
state and ~200 nm via the 2p34p1 state of the O(3PJ) atoms and ~243 nm via the 
2s state and ~205 nm via the 3s state of the D atoms product. Both experiment 
and complementary first principle calculations by van der Loo and 
Groenenboom, demonstrate that the images from photodissociation of OH/OD 
are due to one-photon direct dissociation by absorption of vibrationally hot 
OH/OD molecules in the ground X
 2
Π state to the repulsive 12Σ- state.33, 9 
          We have also investigated electronic (pre-) dissociation of OH using 
separate dissociation and probe lasers. We pumped predissociative levels of the 
A 2Σ + state using ~245 nm radiation to reach the (v’=3) level which crosses 
three repulsive curves (14Σ-, 12Σ-, and 14Π) (see Figure 1.1), and then probing 
the resulting O(
3
PJ) atom fragments using (2+1) REMPI.34 From the velocity 
map image of O(
3
PJ) atom fragments arising in the two lasers experiment we 
can obtain detailed information about the atomic product alignment by varying 
the polarization of each laser. 
 
 
1.4. OUTLINE OF THIS THESIS 
 
The purpose of the work described in this thesis was to characterize in detail the 
photodissociation and photoionization pathways of OH for the most important 
excited electronic states.  The results should contribute to a better understanding 
of the chemistry of our atmosphere, interstellar chemistry and combustion 
processes. In addition, a full understanding of the OH electronic structure and 
dynamics could lead to an improved laser ionization based detection scheme for 
OH that could serve as an alternative to laser induced fluorescence.  
          Parallel to the studies presented here, the group of Zhang35 (Riverside) 
has used a very different technique to answer similar questions as ours on OH 
photodissociation.  Our group has studied  photodissociation33,9,34 as well as 
photoionization31 of OH, making use of a pulsed discharge source,32 hexapole 
state selector36 and velocity map imaging detection,10  while the group of Zhang 
used a laser photolysis source to make OH and the high-resolution Rydberg 
atom time-of-flight (HRTOF) technique35 to detect the H(D) atom dissociation 
product. Both techniques have advantages and disadvantages as will be 
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discussed in the later chapters.  We greatly benefited from the discussions and 
open sharing of results on OH between ours and Zhang’s group. 
          The outline of this thesis is as follows. In the first part of Chapter 2 the 
experimental setup, the production and hexapole state selection of OH radicals, 
and alignment and orientation of OH by the hexapole focusing lens is discussed. 
Special attention is paid to the effects of hexapole state selection and orientation 
of the OH sample on the measured data. The second part of Chapter 2 gives a 
general overview of the experimental techniques used in studies of the OH 
radical such as: Laser Induced Fluorescence (LIF) spectroscopy, Fluorescence-
Dip Infrared (FDIR) spectroscopy, Resonance-Enhanced Multiphoton 
Ionisation (REMPI) detection technique, Velocity Map Imaging (VMI), Spatial 
map imaging, and Doppler-free multiphoton ionization. 
          Chapter 3 concerns the spectroscopic characterization and dynamics of 
the D 2Σ− and 3 2Σ− Rydberg states of the OH radicals by resonance enhanced 
multiphoton ionization (REMPI) spectroscopy. Simplified spectra are observed 
from a jet-cooled and hexapole state selected OH molecular beam in ground and 
excited vibrational levels of the X 2Π3/2 state. Two-photon transitions are 
observed to the D 2Σ−(v′=0-3) and 3 2Σ−(v′=0,1) vibronic levels, extending 
previous studies to higher vibrational levels of the Rydberg states.   
          The next two chapters (Chapter 4 and Chapter 5) describe 
photodissociation dynamics of a jet-cooled and hexapole state selected OH and 
OD radicals. In Chapter 4 photodissociation of OD radicals using velocity map 
imaging to probe the speed and angular distribution of the D(2S) products 
formed by photodissociation at 243 nm, and the O(3P2) atom product of OH/OD 
photodissociation at 226 nm is described.  Chapter 5 describes extended studies 
of state-selected D(n=1,2S) atom detection from OD at 243 nm as well as at 205 
nm, and also studies of the different fine structure states of the O(3P2,1,0) atoms 
following photodissociation of OD and OH at 226 nm as well as at 200 nm. 
O(3PJ) fine structure branching ratios and alignment information in the 
molecular and laboratory velocity frame of an imaging experiment is predicted. 
Doppler-free imaging of OD photodissociation with D atom detection at 243 nm 
and ion-recoil effects in OH/OD photodissociation imaging also described. Both 
experiment and complementary theory demonstrate that photodissociation 
occurs by promotion of OH/OD from high vibrational levels of the ground X 2Π 
state to the repulsive 12Σ− state. 
          In Chapter 6 the O(3PJ) atom products from predissociation of the (N’= 
0,1,and 2) rotational states of OH A 2Σ+(v’=3) are studied using hexapole state 
selection and velocity map imaging. O(3PJ), J=2,1,0 fine structure yields, 
angular distributions and alignment parameters are obtained. OH A 2Σ+(v’=3) is 
found to pre-dissociate mainly through the 4Σ- state, with O(3P2) as a major 
product. 
          In the last chapter of this thesis (Chapter 7) fluorescence-dip infrared 
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(FDIR) spectroscopy, a UV-IR double resonance technique, is employed to 
characterize the line positions, linewidths, and corresponding lifetimes of highly 
predissociative rovibrational levels of the excited A 2Σ+(v’=4) electronic state of 
the OH radical. The experimental linewidths are in near quantitative agreement 
with first principle theoretical predictions. 
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2.1.  EXPERIMENT 
 
2.1.1.  Description of the experimental set-up 
 
Experiments described in Chapters 3, 4, 5 and 6 of this thesis have been carried 
out in a velocity map imaging setup located in our OH laboratory at the 
University of Nijmegen, whereas the experiment described in Chapter 7 is 
performed in the  laboratory of Prof. Marsha Lester in Philadelphia, at the 
University of Pennsylvania. Several novel experimental techniques are 
combined in our velocity map imaging machine, a photograph of which is 
shown in Figure 2.1, to investigate the photodissociation1,2,3and photoionization4 
of OH radicals. Specific details about our setup are presented in each of the next 
four chapters of this thesis. An analysis of the molecular beam and hexapole 
state selection and orientation effects will be given in this chapter. The 
experimental setup for fluorescence-dip infrared spectroscopy (FDIR), an UV-
IR double-resonance technique, which is used for the study of highly 
predissociative rovibrational levels of the excited A 2Σ+ electronic state of the 
OH radical in the  Lester laboratory, is described in Chapter 7. 
 
 
 
Figure 2.1: Photograph of the velocity map imaging setup used in the photodissociation and 
photoionization studies of OH in this thesis.  
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          A schematic drawing of the Nijmegen imaging setup is presented in 
Figure 2.2. The experiment proceeds in the following steps: production of OH 
in a pulsed discharge, focusing of state-selected OH using an electrostatic state 
selector, transfer of the state-selected beam to the imaging setup, 
photodissociation of OH, photoionization of OH or the O/H atom dissociation 
products, velocity mapping of the laser-produced ions onto the two-dimensional 
detector, and analysis of the produced image.  The first two steps have been 
characterized in detail in previous studies from the ter Meulen group5,6,7 and 
their main results will be quoted here. The transfer step is critical in this study 
since the degree of state-selection retained after transfer from the hexapole into 
the imaging setup can affect the OH photodissociation and photoionization 
probability. Details about velocity mapping and image analysis have been 
described in a recent review article by Ashfold et al.8   
 
 
2.1.2. Production of the OH molecule 
  
The present design for production of OH in Nijmegen uses a pulsed H2O/Ar 
nozzle and a simple ring discharge electrode. Van Beek et al.9 showed using 
cavity ring down spectroscopy that this configuration produces ~ 2 x 1017 OH 
molecules/ster.s with a conversion efficiency from H2O to OH of at least 11%. 
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Figure 2.2: A schematic overview of the velocity map imaging setup used in the 
photodissociation and photoionization studies of OH in this thesis. Open electrodes (R-repeller,  
E-extractor and G-ground electrode) create an electrostatic lens used for velocity mapping. 
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Alternatively, similar quantities of OH can be generated by 193 nm photolysis 
of HNO3 with an excimer laser, as demonstrated in the Lester laboratory. The 
mechanism of OH production in the pulsed H2O/Ar discharge source is believed 
to involve dissociation of the H2O molecules by electron impact and/or the 
reaction H2O + Ar*  OH + H + Ar, where metastable argon is formed by 
electron impact. 
 
 
2.1.3. Hexapole state selection of OH 
 
An electrostatic hexapole state selector is a device that consists of six alternately 
charged rods, placed symmetrically around the beam axis (a photograph of our 
hexapole is shown in Fig. 2.3). A hexapole can be used as a spatial filter of 
molecules because it focuses molecules in some states, and defocuses molecules 
in other states. The electric field generated inside the hexapole is 
inhomogeneous and has the desirable property that at the beam axis, the field 
strength is zero and the magnitude of the electric field has no angular 
dependence. Figure 2.4 shows a cross section of the hexapole and its 
equipotential curves (where every point on the curve has the same potential).  
 
 
 
Figure 2.3:  A photograph of the hexapole state selector.  Note that in the spatial imaging studies 
described later in this chapter the hexapole was rotated 90 degrees from the orientation shown in 
this photograph. 
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Figure 2.4: Equipotential curves and geometry of the hexapole. The rods have a length of 12 cm 
and a diameter of 3 mm. The distance from the hexapole axis to the center of the rods is 4.5 mm. 
As result, the smallest distance between the axis and the rods is 3 mm and the smallest distance 
between two rods is 1.5 mm. 
 
The potential of an ideal hexapole, i.e. when the length of the rods is much 
larger than the smallest distance from the rods to the hexapole axis, in terms of 
cylindrical coordinates is given by: 
                  Φ=Φ 3cos)(
3
0
0, r
r
VVr ,                                                               (2.1) 
in which r0 is the inner radius of the hexapole and V0  is the voltage applied to 
the rods. Near the axis, the magnitude of the resulting electric field │E│is not 
dependent on Φ, but only on r: 
              E(r) = │E(r)│= 3
0
2
0 3
r
r
V                                                                    (2.2) 
For symmetric-top molecules having a permanent dipole moment of µ0, the 
Stark shift of the energy levels is linear and is given by: 10 
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)1(0Stark +
−=
JJ
KM
EW µ                                                                (2.3) 
Here K (or Ω in the case of a diatomic molecule) is the quantum number for the 
projection of the angular momentum J on the molecular symmetry axis and M 
the projection of J on the electric-field direction E, as indicated in Figure 2.5. 
Combined with the expression for the electric field in Eq. (2) this Stark shift 
results in a force on the molecule as: 
                    F = r
JJ
KM
r
V
rW
dr
d r
)1(
6
  ˆ  3
0
00
Stark +
=−
µ
                                      (2.4) 
 
The Stark-induced force is directed towards the beam axis for molecules having  
KM < 0, and away from the beam axis for molecules having KM > 0. The force 
is linear in r and hence the motion for molecules with KM < 0 will be sinusoidal 
in the plane containing the beam axis. 
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Figure 2.5: Vector model of OH in electric field. Z represent the z-axis in the laboratory frame 
(parallel to the electric field), while  Z’ represent the z-axis in the molecular frame (parallel to the 
internuclear axis) and Z’ is chosen in the direction of dipole moment, pointing from the O atom 
toward the H atom. The projection of J on Z and Z’ is given by the quantum numbers MJ and Ω, 
respectively. The picture drawn is for the combination of negative Ω and positive MJ.  This results 
in an average orientation of the oxygen side of the molecule along the direction of the E field. 
This is also the state which is selected by the hexapole. 
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The case of OH is a little more complicated because each rotational state of OH 
is split by Λ-doubling. The Stark effect in OH has been extensively treated by 
Schreel and ter Meulen11 and we will use here only the result of their Eq. (11), 
where the shift in energy of each Λ-doublet state is given. The resulting force on 
the molecule is:  
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where ∆EΛ is the Λ-doubling energy. For ∆EΛ = 0 this equation reduces to Eq. 
(4). For Stark energies much larger than the Λ-doublet energy the beam path 
trajectory will be nearly sinusoidal, but close to the beam axis, in relatively low 
electric fields, the ∆EΛ term in Eq. (5) cannot be neglected and the molecular 
path will thus deviate from the linear Stark effect case. The hexapole electric 
field state selector focuses the upper ( f ) Λ-doublet level of the OH molecule.12 
These molecules experience a restoring force towards the axis and are focused 
downstream by the hexapole. Molecules in the lower Λ-doublet e states are 
accelerated away from the hexapole axis and leave the apparatus. In our 
experiments, after cooling in the expansion followed by the electrostatic state 
selection, about 95% of the OH radicals are in the initial v” = 0, Ω = 3/2, J = 
3/2, f state. 
          The hexapole used in this study has a total length of only 12 cm. This 
short distance allows for both focusing of OH and using the apparatus when no 
state selection is applied. Our hexapole state selector has a beam stop of 2 mm 
diameter, which can be mounted 5 mm in front of the hexapole. The voltage 
difference between the hexapole rods used for focusing the OH (Ω =3/2, J=3/2, 
MJ=3/2, f) state is usually 9.3 kV (+/- 4.65 kV).  
          Trajectories of the OH (Ω =3/2, J=3/2, MJ =3/2, 1/2, f) molecules selected 
in our experiments have been calculated by numerical integration using Eq. 
(5).The results are depicted in Fig. 2.6. The OH molecules in the MJ = 3/2 state 
comes to a first order focus in the collision zone at 22 cm distance from the OH 
discharge valve exit.  Because the Stark shift for the (3/2, 3/2, MJ = 3/2, f) state 
is much larger compared to that for the (3/2, 3/2, MJ = 1/2, f) state, a much 
higher hexapole voltage is necessary to fully focus the MJ = 1/2 molecules at the 
collision zone. At the voltage used to focus the molecules in the 3/2, 3/2, MJ = 
3/2, f state, the beam stop shown in Fig. 2.6, when installed, should block OH 
molecules in the 3/2, 3/2, MJ = 1/2, f state and in higher rotational states, and 
(more importantly) atoms and molecules that do not have a first-order Stark 
effect. Because of the apparatus design it was difficult to accurately position the 
beam stop, as shown in a following section using spatial imaging.  
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Figure 2.6: Trajectories of OH (X 2Π3/2, J=3/2, f) inside the single hexapole state selector when 
using a beam stop (vertical line at 45 mm from nozzle). The M = 3/2 states are plotted using the 
black lines, and trajectories of the M = 1/2 states are shown with gray lines. The skimmer is also 
indicated in the figure as a slanted line. Trajectories are drawn only for the upper part of the 
skimmer opening. The collision area is located 220 mm behind the nozzle. 
 
          In many of the experiments reported here the beam stop was not used.   
Due to the large repeller plate opening and single hexapole configuration the 
population of OH in the JM =1/2 state entering the detection zone can be 
sizeable, especially when using a large (4 mm diameter) final aperture, as 
indicated in the simulated hexapole focusing curve shown in Figure 2.7.   These 
curves are qualitative due to the experimental velocity spread, imperfect 
alignment, and field inhomogeneity near the hexapole rods. Note that each state 
has a second order focus at 4 times the first order hexapole voltage.  
          In practice, the hexapole configuration used in our experiments increases 
the concentration of the state-selected OH component by a factor of ~8 at the 
crossing point with the photodissociation laser. In Fig. 2.8, Fig. 2.9 and Fig. 
2.10 three different types of measurement (LIF, REMPI, and photodissociation, 
respectively) are shown that illustrate the effect of the hexapole state selector on 
the strength of the OH signal. Each measurement will be described in detail later 
in this Chapter. Each signal in Figures 2.8-10 shows an increase in OH signal 
due to hexapole focusing. 
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Figure 2.7.  Simulated focusing curve for the apparatus, assuming a 4 mm final aperture, no beam 
stop, and an OH velocity of 725 m/s.  a) MJ=3/2 state including second order focus. b) MJ=1/2 
state (not including the second order focus). c) Sum a+b.  d) MJ=3/2 only, 2 mm aperture, not 
including the second order focus. e) MJ=1/2 only, 2 mm aperture.  
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Figure 2.8:  LIF spectra for the OH A 2Σ+(v′=0) – X 2Π(v″=0) transition. The rotational band 
structure  is compared for the case of hexapole focusing ON and OFF.  The Q1(1) and Q1(2) lines 
originate from the hexapole state-selected OH(J=3/2, f) state and are significantly enhanced with 
hexapole focusing, while the P1(1) band  starting from OH(J=3/2, e) is quenched. The velocity 
map imaging lens and the beam stop were not present in the apparatus for these experiments. 
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Figure 2.9: Comparison of the rotational band structure observed by (2+1) REMPI for the OH  
3 2Σ−(v′=0) – X 2Π(v″=0) transition with hexapole focusing ON and OFF.  The Q1(1) and S1(1) 
lines originate from the OH(J=3/2, f) state and are significantly enhanced with hexapole focusing, 
but the R1(1) band,  starting from OH(J=3/2, e), is not quenched. There was no beam stop in the 
apparatus during these experiments. 
 
 
a) b)
 
 
Figure 2.10: O(3PJ) images from the photodissociation of OH(v”) at 226 nm. a) Hexapole ON 
O(3PJ) image, b) Hexapole OFF O(
3PJ) image.  Lighter areas correspond to more signal.  The laser 
polarization direction is indicated by the vertical arrow.  A large increase in the signal strength of 
the outer ring is observed when the hexapole is ON. 
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2.1.4.  Orientation of OH 
 
An electric field not only shifts and splits the energy levels of polar molecules; 
it can also point the dipole moment (molecular axis) of the molecule in space. 
Classically, the molecule will prefer the configuration of minimum energy, 
which means that the dipole moment will be aligned parallel to the electric field. 
Since the direction of the dipole moment is from O to H, the molecule is 
expected to point with the H-side in the direction of the electric field vector. 
Quantum mechanically, the interaction between the dipole moment and the 
electric field proceeds via the J-vector. Using a vector model for angular 
momentum as in Fig 2.5, this can be visualized as the J-vector precessing 
around the internuclear axis with the projection of J on this axis equal to Ω. 
When an electric field is present in the laboratory, the J-vector will also couple 
to this external field, resulting in a precession of J around the external field with 
a projection of J equal to MJ on this field axis. For well defined values of J, Ω, 
and MJ this will lead to an average orientation of the internuclear axis with 
respect to the external electric field. For every orientation, the angle between the 
OH dipole moment and the external electric field is different, resulting in a 
different energy.  This analysis, however, ignores the coupling of rotation and 
electronic angular momentum which makes the description of orientation in OH 
more complicated. 
 
 
2.1.4.1.  Experimental methods for orientation of molecules 
 
Molecules are by definition anisotropic and their degree of anisotropicity has an 
affect on many of the macro- and microscopic properties of the molecule.  The 
steric effect, where one part of a molecule is more reactive than the other, for 
example, is a basis of transition state theory.   In order to investigate molecular 
anisotropy on the microscopic scale it is necessary to polarize the molecule, i.e., 
to orientate - hereafter simplified as ‘orient’- or align the molecular axis of a 
diatomic in the laboratory frame.  An oriented OH reaction experiment would 
compare the reactivity of the O end versus the H end of the molecule while an 
alignment experiment compares reactivity parallel versus perpendicular to the 
bond axis.  It has been experimentally demonstrated that a hexapole electric 
field can be used for orienting symmetric top molecules or diatomic molecules 
like OH with nonzero electronic angular momentum.13,14,15  The main goal of 
this thesis is to study the photodissociation and photoionization of ‘normal’ OH, 
without the complications of pre-orientation or pre-alignment.  It is thus 
necessary to carefully examine and adjust the experimental conditions to ensure 
the study of a reasonably isotropic sample of OH.  
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          Orientation and alignment of a molecule using an electric field can be 
achieved with two different approaches.  One involves applying the rapidly 
oscillating instantaneous electric field of a laser to prepare the molecules in a 
specific state, and the second technique is based on the usage of a static electric 
field to orient the molecules.  This latter approach uses either brute force 
orientation16 or hexapole state selection and orientation.17  For the “brute force” 
method, a strong homogeneous electric field is applied such that the interaction 
energy between the polar molecule and the electric field is large compared to the 
rotational energy.18  Alternatively, symmetric top molecules having a dipole 
moment can be focused using the electrostatic hexapole field described above 
and can be subsequently oriented in the laboratory frame using a homogeneous 
electric field. A major advantage of hexapole orientation is the inherent state 
selection of the method. In the case of OH, because of the desired state selection 
and high rotational energy spacing, hexapole orientation is the natural choice.  
Orientation of molecules by combining hexapole state selection and a 
homogeneous electric field was first demonstrated by Toennies19 and Kramer 
and Bernstein.20 
          As shown vectorially in Figure 2.5, state-selection results in a spatial 
polarization of a molecule with respect to the applied electric field direction. 
Following the literature convention, spatial polarization is defined in terms of 
the orientation of the OH bond axis, where the term “orientation” refers to the 
spatial orientation of the molecular symmetry axis as given by the direction of 
the molecular dipole moment µ with respect to the applied external electric field 
E, as characterized by the angle θ, (see Fig. 2.5).   
 
2.1.4.2.  Orientation of OH in a static electric field 
 
As discussed above, the hexapole focuses the Ω =3/2, J=3/2, MJ, f state of OH, 
where MJ = 3/2 or 1/2.  These molecules exiting the hexapole into a field-free 
region are state-selected but not oriented.  Molecules exiting the hexapole into 
an applied lab-frame electric field will adjust their initial state-selection 
direction from the hexapole to the lab field direction, as long as there are no 
extreme gradients in the transition region between the fields.  Field gradients are 
evaluated in the following figures. Figure 2.11 shows equipotential surfaces 
present between the hexapole and repeller plate of the imaging apparatus, and 
Figure 2.12 shows equipotential curves of the imaging lens itself.   
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Figure 2.11: Equipotential surfaces for the region between the hexapole exit and repeller (R) plate 
of the imaging lens. The distance from the exit of the hexapole to the repeller plate electrode is 
42.5 mm. 
a) Equipotential surfaces of the hexapole state selector. Voltages used are: VR= 0 kV, Vhex =+/- 
4.65 kV. 
b) Equipotential surfaces between hexapole state selector and repeller plate electrode. Voltages 
used are: VR= 3 kV, Vhex =+/- 4.65 kV. 
 
          With the repeller plate voltage at zero (Fig. 2.11(a)) the molecules enter a 
low-field region (~30 V/cm) within a few centimeters of leaving the hexapole. 
With the repeller plate at 3 kV (Fig. 2.11(b)) the lowest field the molecules 
experience is 700 V/cm, half-way between the end of the hexapole and the 
repeller plate.  
          Within the imaging lens, at the point where photodissociation and 
photoionization takes place, the static field is ~710 V/cm (Fig. 2.12). We are 
interested in the effect of this voltage on the state purity and orientation of the 
OH beam. 
          Orientation of an equilibrium sample of OH by the Stark effect is only 
possible when the interaction energy between OH and the electric field is large 
compared to the OH rotational energy, which requires an electric field 
exceeding 200 kV/cm.  Once the e and f states are separated by the hexapole, 
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however, the sample is not at equilibrium and a much lower field applied to the 
focused Ω =3/2, J=3/2, MJ,  f states of OH, where MJ = 3/2 or 1/2, causes 
orientation due to mixing of the Λ-doublet components, thus parity mixing.   To 
minimize orientation of the sample prior to photodissociation, the applied 
electric fields must thus be kept low.   
          The main body of imaging experiments carried out in this project was 
done using velocity map imaging in the normal, static mode, where constant 
voltages were applied to the repeller and extractor electrodes (shown in Fig. 
2.2).  These voltages cause a weak orientation of the OH molecules.  Recently, 
our group21 has shown that it is possible to switch the imaging fields on 
immediately after the ionization laser has fired, and still retain high-quality 
velocity mapping.  This has an added advantage that with a delayed field pulse 
the arrival time of the ion sphere can be spread out in time,21 allowing 
experimental ‘slicing’ detection of only the middle portion of the sphere. A 
thinly sliced image yields the same information as the Abel-inversion analysis 
of the fully ‘crushed’ image, without the assumption of cylindrical symmetry 
inherent in the Abel-inversion. In this section it will be shown that the relatively 
low (~710 V/cm) fields of the imaging lens do cause a weak orientation of the 
OH states, but, due to our mixture of MJ = 3/2 and 1/2, the average orientation 
(and alignment) of the sample is very small and can be safely ignored.   
 
 
2.1.4.3 Parity mixing and orientation parameters 
 
A detailed characterization of the theory of the orientation of state-selected OH 
has been given by ter Meulen and coworkers.11,7  They show that in the presence 
of an applied electric field (E), the zero-field Λ-doublet states with the same 
total angular momentum (e.g. J=3/2) after hexapole state selection are mixed 
and shifted. 
          In the static field the MJΩ  f-selected molecules will evolve into a 
linear combination of the field-free (e and f) Λ-doublet states, namely,22,11, 23 
   
 fMJEeMJEEMJ JMJMJ JJ     )(    )(     Ω+Ω=Ω αβ
r
,                (2.6) 
 
where the real coefficients α and β are given by the solution of a 2 x 2 Stark 
mixing Hamiltonian, and11  
                             1)( )( 22 =+ EE
JJ MM
βα                                                      (2.7) 
 
This definition of α and β corresponds with the definition by De Lange et al.24, 
25.  The mixing coefficient β thus represents the amount of e-state character 
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mixed into the focused f-state beam. In the presence of the static field, 
transitions that are forbidden starting from the f-state can thus become allowed 
and observable in the experiment.  These additional, field induced, 
spectroscopic transitions can be used to probe the degree of orientation.25  There 
is of course no population transfer from low-field seeking f states to high-field 
seeking e states, only the symmetry of the field-free f-state is mixed.  In the 
absence of the electric field, 12 =α  and 02 =β , whereas for a very high static 
electric field 
2
122 == βα .  
 
The orientation as a function of the electric field is given by11 
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where the symbol 
JMJ   Ω
 indicates averaging over the rotational motion, 
which is described by the orientation probability distribution ( )θcos  JMJP Ω  
where 
 
( ) ( ) ( ) 




−+




+=
2
sin
2
coscos 6262
2
3
,
2
3
,
2
3
θ
βα
θ
βαθfP                                          (2.9) 
 
( ) ( ) ( ) 










−+










+=
2
sin
2
cos3
2
sin
2
cos3cos 422242
2
1
,
2
3
,
2
3
θθ
βα
θθ
βαθfP        (2.10) 
In Figure 2.13 the dependence of θcos and 2β for the MJ=1/2 and 3/2 states 
is shown as a function of the applied voltage.7  Note that θcos rises much 
faster than 2β , meaning that good orientation is possible before the e, f state 
character is fully mixed.  This is favorable for state-to-state inelastic scattering 
steric effect experiments, but it also indicates that even at 710 V/cm, θcos = 
0.24 for the MJ=3/2 state, and θcos  =0.025 for the MJ=1/2 state. As can be 
seen from Figure 2.13 2β  takes a value of 0.04 for MJ=3/2, (β = 0.2) and for 
MJ= 1/2, 
2β = ~0.005 (β =0.07).   This suggests that a measurable mixing of e 
character will take place for both states, which should be spectroscopically 
observable.   
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Figure 2.13: Dependence of orientation (given by
JM
θcos ) and parity mixing (given 
by JM
2β ) on the static electric field strength for the MJ = 3/2 and 1/2 states.7 The limiting values 
of 0.2, 0.5, and 0.6 for 
2
1cosθ  , JM
2β , and 
2
3cosθ , respectively, are indicated by the 
dotted horizontal lines. Previous inelastic scattering experiments used electric field strength of 
~7.5 kV/cm.  Our ~710 V/cm field from the electrostatic immersion lens used for velocity map 
imaging is indicated by the bold dashed vertical line. 
 
 
2.1.4.4. Pre-polarization of the OH sample 
 
Equations 4 and 5 give the orientation distribution function for the MJ =3/2 and 
1/2 states, respectively.   Polar plots of these functions are shown in Figure 
2.14(a) and (c) for the limits of no applied voltage where α2=1, β2=0, and the 
high-field limit where α2=β2=0.5, respectively.  Owing to the cylindrical 
symmetry around the static E field, the MJ =1/2 state has an oblate (disc) shape 
while the MJ =3/2 state has a prolate (cigar) shape.   Plots shown in panel (b) of 
the figure represent our experimental conditions.  The direction of increasing 
electric field is shown in the figure.  Because the static (orientation) field of the 
imaging detector points anti-parallel to the TOF axis, the O end of OH is 
directed (e.g., in Figure 2.14(c)) towards the imaging detector. 
           
          Note that the average direction of the MJ =3/2 state is roughly 
perpendicular to that of the MJ =1/2 state, and that with no applied field or 
hexapole state-selection, Fig. 2.14(a), each MJ level is equally populated, i.e.,  
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Figure 2.14: Polar plots of the orientation distribution of OH in the state J,Ω,MJ = 
JM 2,3 ,23 .  Panels a)-c) show the orientation distribution of the MJ=1/2 and MJ=3/2 states 
for different values of the parity mixing coefficient β.  a) β=0, b) MJ=3/2, β = 0.20, MJ=1/2 
β=0.07, and c) β =0.707 (high field limit). The E -field is in the (+) direction of the horizontal 
axis of the polar plot.  Our experimental conditions are most similar to plot b). In panel a) the sum 
of equal amounts of MJ=3/2 and MJ=1/2 yields a circle, which flattens as the applied field 
increases, as shown in b) and c).   Also shown in b) is the sum of one part MJ=3/2 and two parts 
MJ=1/2. 
the molecular axis distribution is isotropic.  States with ΩMJ <0 are selected by 
the hexapole, such that the populations of +MJ and –MJ are equal, but coupled to 
the sign of Ω.   Note that as the value of β increases, the sum for equal amounts 
of MJ=3/2 and MJ=1/2 flattens (becomes more oblate in shape) and the center of 
the distribution displaces along the + x axis (Estatic field direction) in the figure, 
as most clearly seen in Fig. 2.14(c).  
          In our photodissociation experiments we use a linearly polarized 
photodissociation / photoionization laser aligned perpendicular to the applied 
field direction. Usually, the laser polarization direction, and thus the axis of 
cylindrical symmetry for photoexcitation, is set to lie parallel to the face of the 
imaging detector. This laser polarization geometry is labelled “vertical” in the 
coming chapters, while the geometry with the laser polarization perpendicular to 
the detector face and parallel to the TOF axis is labelled ‘horizontal’. As shown 
in the coming chapters, the dominant photodissociation process in OH is due to 
the X(2Π) 12Σ- transition.  This is a so-called ‘perpendicular’ transition where 
the transition dipole lies perpendicular to the molecular axis. OH molecules 
oriented or aligned perpendicular to the laser polarization direction will thus be 
preferentially excited. Because the upper state 12Σ- of the X(2Π) 12Σ- transition 
is repulsive we can expect that the molecule will rapidly dissociate, on a time 
scale much faster than molecular rotation (this is called the axial recoil 
approximation).  The photofragment H and O atoms will thus be ejected in a 
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band perpendicular to the laser polarization direction.  For an isotropic sample 
the fragments will be evenly distributed along this equatorial band. For our 
special case of pre-orientation due to the static electric field of the imaging lens 
we can consult the schematic diagrams in Figures 2.15 and 2.16 for the case of a 
perpendicular axial photodissociation using ‘vertical’ and ‘horizontal’ 
geometries, respectively.  In both of these figures we represent the axis 
distributions shown in Figure 2.14 as a flat disc for the MJ=1/2 state and a sharp 
arrow for the MJ=3/2 state.  
          Several important aspects of the effects of pre-orientation can be seen in 
Figures 2.15 and 2.16.  For our normal ‘vertical’ polarization geometry, the 
projection of products onto the 2D detector is quite different for the MJ=3/2 
state compared to the MJ = 1/2 state.  The orientation of the 3/2 state disappears  
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Figure 2.15: Schematic diagram of a perpendicular photodissociation process using the vertical 
laser polarization geometry and an oriented sample of MJ = 3/2 and 1/2 states.  The orientation 
direction is shown for a pure f-state. Molecules lying perpendicular to the laser field Elaser will be 
excited.  In this case all of the MJ=3/2 molecules and about half of the MJ=1/2 molecules are 
excited, where the MJ=1/2 fragments will fly in a plane containing the laser propagation and  
polarization direction and the MJ=3/2 fragments will fly anti parallel to the ion TOF direction. The 
simulated image can be compared   with the D atom images shown in Fig 5.2. 
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 Figure 2.16: Schematic diagram of a perpendicular photodissociation process using the 
horizontal laser polarization geometry and an oriented sample of MJ = 3/2 and 1/2 states.  In this 
case all of the MJ=1/2 molecules and none of the MJ=3/2 molecules are excited.   For the actual 
axis distribution shown in Figure 2.14(b), a small amount of MJ=3/2 molecules are pointed 
perpendicular to Estatic and will contribute to the image. 
due to the flattening of the image along the TOF axis (although this could be 
measured in a full 3D (x,y,t) imaging experiment) and the MJ=3/2 signal 
contributes only to the center of the image.  The MJ=1/2 state on the other hand, 
being isotropic with respect to Estatic, will not show any orientation effects and 
will contribute to the outside edge of the projected image, which is where the 
product angular distributions are extracted.  From the two figures we can also 
roughly estimate that the ‘vertical’ (V) polarization should yield more total 
photofragment signal compared to the ‘horizontal’ (H) polarization for a 50:50 
mixture of MJ=3/2 and 1/2 states.  An excess of MJ=1/2 states could cause the H 
polarization signal to exceed the V polarization signal.   
          In summary, from this analysis we thus predict that spectroscopic 
transitions that are forbidden when starting from f-symmetry states should 
become observable due to the weak parity mixing induced by the static electric 
field of the imaging lens.  This field also causes pre-orientation of the OH 
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parent molecule but this pre-orientation  should not affect the photodissociation 
of our OH sample because we probe mainly the very weakly oriented MJ=1/2 
state.  
 
 
2.1.5. Experimental evidence for parity mixing 
 
The LIF measurements shown in Fig. 2.8 used the same OH discharge source 
and hexapole field as the REMPI and imaging measurements, but with no beam 
stop and with the imaging lens.  The spectra reveal a 5-fold enhancement for 
(Q1) transitions originating from the upper Λ-doublet f state, and a 4-fold 
decrease in intensity for transitions (P1) that originate from the lower Λ-doublet 
e state.   The Q1 transition enhancement is smaller than predicted and the P1(1) 
transition is not completely quenched with the hexapole ‘on’ presumably due to 
the lack of a beam stop which blocks molecules traveling on-axis, in the zero-
field region of the hexapole.  Since the laboratory frame field is zero, there 
should be no parity mixing, and no pre-orientation. 
           
          In the REMPI spectrum, Fig. 2.9, the Q1(1) and S1(1) line intensities show 
an eight-fold enhancement as predicted, but the R1(1) line does not decrease as 
it did in the LIF spectrum.   The applied field present in the ion lens used to 
collect the OH+ signal causes parity mixing, which adds e-state character and 
makes the R1(1) clearly observable.  The previously estimated values of β= 0.2 
for MJ=3/2 and β=0.07 for MJ= 1/2 combined with a MJ = 1/2:3/2 population 
ratio of 60:40 predict that the R1(1) should appear at about 10% of its normal 
strength.  The actual peak is somewhat less strong (~5%) but considering the 
very rough estimates used above, this agreement is good.   
           
          A separate test for parity mixing using REMPI was carried out on the SD 
molecule, which is isovalent with OH, applying delayed pulsed fields (where 
the imaging lens field strength was set at zero during the ionization step).  This 
experiment was done after the OH experiments were completed.  The results are 
shown in Fig. 2.17.  The effect of parity mixing for the SD molecule is much 
stronger than for OH due to the smaller Λ-doublet splitting. The Λ-doublet 
splitting is 0.055 cm-1 for the lowest rotational state of OH, whereas for SD it is 
about 15 times smaller (0.0037 cm-1). (2+1) REMPI spectra for the SD 2Σ− 
(v′=0)  X 2Π(v″=0) transition are shown in Fig. 2.17(a), comparing the SD 
beam with and without state selection when the imaging lens is ‘on’.             
          Parity mixing is complete in this case such that the spectra for the state-
selected and non-state selected beams are almost identical, except for the overall 
factor of ~5 enhancement due to focusing.   When the voltage applied to the  
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Figure 2.17: (2+1) REMPI spectra of the two-photon SD 2Σ−(v′=0) – X 2Π(v″=0) transition, using 
a beam stop. a) Comparison of the SD (2+1) REMPI spectra with hexapole focusing ON and OFF.  
The Q1(1) and S1(1) lines originate from the state-selected SD(J=3/2, f) state. b) Comparison of 
the SD (2+1) REMPI spectra with hexapole ON, when the high voltage applied to the velocity 
map imaging lens is turned ON and OFF. 
velocity map imaging lens is turned off, the R1(1) line disappears completely as 
shown in Fig. 2.17(b).                 
          Parity mixing induced by the imaging field has also been directly 
observed using the spatial imaging technique,26,27 which is explained in more 
detail in section 2.2.5. We show in this section that the forbidden e parity states 
focus in exactly the same way as the allowed f parity states, meaning that parity 
mixing has added e-character to the molecular beam.  The spatial imaging 
method yields the two-dimensional intensity of a cross-section of the OH beam 
at the crossing point with the laser beam.    The maximum diameter of the beam 
is determined by the 4 mm diameter hole in the close-by repeller plate.  Spatial 
map images taken as a function of voltage applied to the imaging lens using the 
R1(1) line of the 3 2Σ−  X 2Π3/2 (2+1) REMPI transition are presented in Figure 
2.18.  This transition originates from the lower Λ-doublet state of e-symmetry,  
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Figure 2.18: Spatial images of the mass 17 ion (OH+) monitored by (2+1) REMPI via the R1(1) 
line, which originates from defocused e level, at different repeller voltage (no beam stop) with: 
a) Hexapole OFF.  b) Hexapole ON. Images are shown in two and three dimensions, together with 
a graph of intensity vs. repeller voltage. 
 
which is defocused by the hexapole field.  The images are taken without a beam 
stop.             
          By comparing images with hexapole ON and OFF, it can be seen that the 
intensity of the total signal increases linearly with increasing voltage on the 
imaging lens.  For both cases of hexapole ON/OFF, the rise in ion kinetic 
energy with repeller plate voltage results in an increased gain at the detector.  In  
the hexapole ON images a new feature arises.  The region corresponding to the 
sharp spatial focus of the molecular beam (at +/- 4.65 kV hexapole voltage) 
becomes stronger with applying a higher voltage on the lens.  This effect is most 
visible in the 3D contour images. After passage through the hexapole the 
population of the e state is very small (this experiment is done without using a 
beam stop) and does not explain the image pattern. Instead, by parity mixing we 
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make the focused f-state beam visible on the R1(1) e-state transition.   In the 
low-field region of Fig. 2.13 the β2 parameter shows a quadratic growth, so β 
should increase linearly, as seen in Fig. 2.18.  Also visible in the hexapole ON 
images is a slight misalignment of the molecular beam from the center of the 
hexapole axis. 
           
 
2.1.6.  Experimental evidence for pre-orientation  
 
Two independent experiments were carried out which probe the spatial 
polarization of the OH beam when the imaging lens is in use.   The first 
observes the intensities of rotational bands in the REMPI spectrum and the 
second observes the total O(3P) atom photofragment signal.  Both experiments 
involve comparing the signal strength when using a linearly polarized excitation 
laser with the polarization parallel to the detector face (‘vertical’ polarization) 
versus the polarization perpendicular to the detector face (‘horizontal’ 
polarization). For an isotropic sample there should be no variation in signal for 
these two geometries.   
           
          Van der Loo and Groenenboom28 have analyzed (2+1) REMPI for the OH  
3 2Σ−(v′=0)  X 2Π(v″=0) transition and point out that enhancement of the two-
photon transition takes place through the repulsive 1 2Σ- state (the potential 
energy curves are shown in Fig. 1.1). The optically active A (2Σ+) state cannot 
contribute because a one-photon transition from it to the final 3 2Σ−  state is 
optically forbidden by the parity selection rule.  Based on this 12Σ- state 
enhancement assumption, the predicted ratio of the line strengths for the Q1(1) 
and S1(1) transitions arising from OH in pure MJ=3/2 and MJ=1/2 states in the 
laboratory frame when probed using ‘vertical’, ‘horizontal’ and also (right or 
left) circular polarization are plotted in Figure 2.19.  An isotropic sample should 
show equal Q/S ratios for H and Vpolarization, while a pure MJ=3/2 or 1/2 
sample shows strongly and oppositely varying Q/S ratios.   
As discussed previously, the probability for V and H one-photon excitation of a 
50:50 mixture is equal (Fig. 2.15). As shown in Fig. 2.19, they should also be 
equal for this particular two-photon excitation.             
           
          Note that the two vertical axes of Fig. 2.19 are plotted on different scales.  
The origin of the large difference between theory and experiment is not known, 
it could be due to the simple single enhancement state assumption, and a 
polarization dependence of the ionization step could also play a role.  Despite 
the discrepancy we believe the trend in the polarization dependence of the Q/S 
ratio is still meaningful.  While our experimental error bars are large, we 
observe a  variation in  the ratio of  the  Q1(1)/S1(1)  bands in  accord with  the 
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Figure 2.19.  Comparison of calculated and experimental signal strength ratios for the Q and S 
bands of the (2+1) REMPI transition for OH 3 2Σ− (v′=0) – X 2Π (v″=0) for vertical, horizontal 
and circular polarization. Experimental data (right-hand scale) is shown as an open square and 
includes error bars. Simulations (left-hand scale) are shown for 100% MJ=3/2 (solid up triangle), 
100% MJ=1/2 (solid down triangle) and a 35% MJ=3/2 : 65% MJ=1/2  mixture (solid diamond). 
 
condition that the contribution by the MJ=1/2 population is greater than the 
contribution by the MJ=3/2 population. The ratio also decreases when the 
hexapole is turned off, again supporting the assignment of a MJ=1/2 > MJ=3/2 
population. 
           
          Another test of pre-orientation is to compare the total signal yields for 
photodissociation products arising from a V compared to an H polarized laser 
beam. This was done using data from our two-color experiments on pre-
dissociation of the A-state of OH, which is presented in Chapter 6.  In these 
experiments the polarization of the O(3PJ) atom detection laser was kept 
constant and the dissociation laser polarization direction was varied. The 
photodissociation processes produce O(3P) atoms which are aligned with respect 
to the photodissociation laser polarization direction.  We use the analysis from a 
single-state sudden limit approximation, described later in the thesis, to correct 
the predicted ratio for this J-state dependent alignment dependence. The two          
most reliable experimental data points, for hexapole OFF O(3P1) detection, and 
hexapole ON O(3P2) detection,  are shown in Figure 2.20.            
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Figure 2.20:  Comparison of the total O(3PJ) photofragment yield for V versus H laser 
polarization. Experimental data is shown as open squares with error bars, and predicted data are 
the filled symbols.  Hexapole OFF data shows the expected V/H ratio of 1.0, and hexapole ON 
data (for O3P2) indicates that the population of MJ=1/2 is greater than that of MJ=3/2. 
 
 
          As expected, within the error limits the hexapole OFF (no state selection) 
value of the V/H ratio is 1.0, and the V/H ratio for the hexapole ON O(3P2) data 
is measurably less than 1.0. This data again suggests that the contribution by 
MJ=1/2 > MJ=3/2, and that the total effect of pre-orientation is small.         
 
          A final test of pre-orientation of the sample is to examine the angular 
distributions for the H, D and O(3P0) hexapole-on images, such as those shown 
in Figure 2.10.  These three photoproduct atoms cannot show any angular 
momentum polarization and thus cannot introduce any perturbation of the image 
angular distribution when a polarized probed laser is used, as in our 
experiments.  Any significant pre-orientation would show up as a deviation of 
the angular distribution from the expected pattern for a pure perpendicular 
photodissociation. Within our signal to noise we observe no such deviation 
when probing these three atoms. This is also expected considering that mainly 
the MJ=1/2 states are probed and these states are isotropically distributed around 
Estatic as shown in Figure 2.15.  For these reasons, we assume the sample for 
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photodissociation imaging is effectively isotropic within our data uncertainties 
and we can thus also assume cylindrical symmetry around the laser polarization 
direction in order to analyze the raw images using standard inversion procedures 
(Basex program).29  
 
 
2.2.  DETECTION TECHNIQUES IN STUDIES OF THE OH RADICAL 
 
2.2.1.  Laser Induced Fluorescence Spectroscopy 
 
In Laser-Induced Fluorescence (LIF) detection the optical emission is measured 
from atoms or molecules that have been excited to higher energy levels by 
absorption of laser radiation. By detecting the emission as a function of 
excitation wavelength, the initial state distribution of the molecule’s ground 
state is probed. A major application of LIF is the measurement of OH radical 
concentrations.  Spontaneous fluorescence from excited molecules can be 
detected in a very sensitive manner, as the signal off-resonance can be 
minimized, and the noise level of the best detectors is just a few photons/sec. 
This makes LIF a method of choice for electronic spectroscopy. LIF is well 
suited for use with small-localized samples (jet-cooled molecular species, 
including free radicals, in a supersonic beam) at pressures where our ionization-
based imaging system cannot be used. 
 
 
2.2.2. Fluorescence-Dip Infrared Spectroscopy 
 
In a single resonance experiment like LIF, we detect all the molecules that 
absorb the UV light. In a double resonance method like Fluorescence-Dip 
Infrared Spectroscopy (FDIRS) the UV laser is used to select a certain species in 
the expansion, which we then probe by IR. FDIRS has been described in detail 
previously.30,31,32,33 
      
          Briefly, FDIRS uses LIF as a basis to record infrared spectra. FDIR 
spectra are recorded by fixing the UV laser on a certain transition of interest in 
the LIF excitation spectrum, thereby monitoring the population of the ground 
state level responsible for the UV transition. The UV laser pulse is then spatially 
overlapped by a counter-propagating, IR laser pulse. The population reduction 
induced by the IR laser is observed as a depletion of the fluorescence. The 
difference in fluorescence signal without and with the IR laser present is then 
recorded as a function of IR frequency. 
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          The application of fluorescence-dip infrared spectroscopy for the OH 
molecule is illustrated in Figure 2.21, where the technique is used to access 
individual rotational levels of the excited OH A 2Σ+(v’=4). The experimental 
scheme for FDIRS is shown in Fig. 2.22.   
 
     
 
ν′ = 2
N′
ν′ = 4 
hνIR
ν″ = 1
J″
hνUV
A2Σ+
X2Π3/2
hνFL
 
 
Figure 2.21: Schematic diagram of FDIR technique. The UV laser promotes OH radicals from the 
v″=1, J″ level of the ground X 2Π state to the v′=2, N′ level of the electronically excited A 2Σ+ 
state.  The IR laser further excites the OH radicals by an overtone transition to the v′=4, N′ level 
of the A 2Σ+ state.  Fluorescence emission is detected from the v′=2, N′ level of the A 2Σ+ state 
exclusively.  When the IR laser is resonant with a 4←2 overtone transition in the A 2Σ+ state, the 
population in v′=2 is depleted, resulting in a decrease in the fluorescence emission. A 
fluorescence-dip infrared (FDIR) spectrum is then obtained as the IR laser is scanned.  
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Figure 2.22: Experimental scheme for OH production and FDIR detection. Hydroxyl radicals are 
produced by photolysis of HNO3 entrained in He carrier gas using 193 nm radiation from an ArF 
excimer laser. Directly downstream of the pulsed nozzle, the OH radicals are subsequently 
promoted to highly predissociative levels of the excited A 2Σ+ electronic state using a sequential 
UV-IR excitation scheme. Tunable UV radiation near 288 nm is generated by frequency doubling 
(KDP) the output of a Nd:YAG pumped dye laser. Tunable IR radiation in the vicinity of 2 µm is 
generated using two different optical parametric oscillator (OPO) systems pumped by injection-
seeded Nd:YAG lasers. 
 
 
2.2.3. Resonance-Enhanced Multiphoton Ionization (REMPI) detection  
 
An energy diagram for two-photon resonance enhanced three-photon ionization 
((2+1)REMPI) via the electronically excited 3 2Σ- state of OH is illustrated in 
Fig. 2.23(a).  This process has a much larger overall transition probability than a 
fully non-resonant three photon ionization process.  As discussed in Chapter 3, 
the 2Σ- state is believed to be the ‘virtual state’ which is mainly responsible at 
the one-photon level for the two-photon absorption cross section.  The 
ionization step is usually independent of wavelength, so the spectrum reflects 
the initial, resonant, multiphoton absorption step only. The selection rules for an  
n-photon transition are essentially those for n single photon transitions in 
succession, and the ∆S = 0 rule is unchanged for multiphoton compared to a 
one-photon transition. Advantages for REMPI compared to LIF are: the 
different selection rule allows observation of a wider range of electronic states; 
high-energy states are accessible using inexpensive visible/UV photons; and 
since ions are formed, REMPI has the extra selectivity dimension of the  
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Figure 2.23: a) Schematic potential energy curves of OH illustrating (2+1) resonance enhanced 
multiphoton ionization: 2 photons at 228 nm are used to reach the 32Σ- Rydberg state of OH. 
Then, one additional photon of the same color is used to ionize the excited OH to OH+.  b) (2+1) 
REMPI detection schemes for O and H atoms used in our photodissociation study of OH. 
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charge/mass ratio.  The (2+1) REMPI schemes used for detection of O and H 
atoms are shown in Fig. 2.23(b). 
 
 
2.2.4.  Velocity Map Imaging (VMI) technique 
 
To study molecular photodissociation and photoionization of OH we use the 
Velocity Map Imaging technique (VMI), developed by Eppink and Parker26 in 
1997. This is a high-resolution variant of the ion imaging technique introduced 
by Chandler and Houston34 in 1987. Velocity mapping provides the angular and 
kinetic energy distribution for each quantum state of the product coming from 
the photodissociation. Applied to OH, it can reveal the J and MJ distributions for 
O(3PJ,MJ), O(1D2,MJ), and O(1S0) atoms, as well as the H(2S) angle-velocity 
distributions, for any excitation wavelength. This is essentially the complete 
information on a photodissociation process.  
          The velocity map imaging setup is shown schematically in Fig. 2.24, and 
a photograph of the velocity map imaging lens and TOF tube is presented in 
Fig. 2.25. A molecular beam is pointed along the cylindrical symmetry axis of 
the TOF detector and crossed with the photodissociation and ionization laser 
beams between the repeller and extractor electrodes. The polarization of the 
dissociation light is perpendicular to the TOF axis and parallel to the detector 
plane. Photodissociation takes place, creating a set of expanding Newton 
spheres of neutral fragment molecules. These neutral fragments are state 
selectively ionized via REMPI by an ionization laser, converting the neutral 
Newton spheres to ionic spheres with negligible effects on their original angle-
speed distributions. Open electrodes (Repeller, Extractor and Ground) create an 
electrostatic lens that crushes the ion spheres in the time-of-flight tube direction 
and maps ions of the same velocity to the same point onto a 2-D position 
sensitive detector (PSD), independent of their point of creation. The detector 
gain is pulsed to coincide with the arrival time of the desired ion mass. A CCD 
camera and personal computer are used to monitor the PSD. The image data 
represents a “velocity map” of the fragment distribution. The image is a 2D 
projection of the initial 3D recoil velocity distribution of the selected fragment. 
The 3D distribution can be recovered with an inverse Abel transformation. The 
variation of the intensity on the circle of the velocity map image (at constant 
kinetic energy) reveals the angular distribution, while the difference of intensity 
between each circle gives the ratio between different possible channels 
occurring during the photodissociation. 
          The detection step is sensitive to the polarization of the probe (ionization)  
laser, and by measuring a set of images in a number of different experimental  
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Figure 2.24: Principle of velocity map imaging. A molecular beam is crossed with a linearly 
polarized laser beam for photodissociation, and a second laser beam for detection by ionization. 
The probed fragments are projected in velocity space onto a two-dimensional detector. 
 
 
 
Figure 2.25: Photograph of the electrostatic lens and TOF tube used for velocity mapping. 
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geometries (defined by the relative laser polarization and propagation 
directions), information on product angular momentum alignment and 
orientation may be obtained in addition to the product velocity distribution. 
 
 
2.2.5. Spatial imaging technique     
     
Single rotational states of OH and SD were measured using the spatial map 
imaging technique, as described by Eppink and Parker.26  The main results are 
described here and the method will be described in more detail in a future 
publication.27  
          When working in the spatial imaging mode an ion signal without kinetic 
energy release is selected. In velocity map imaging26 the ion signal is mapped 
into only a few pixels at a fixed repeller voltage by adjusting the extractor 
voltage until the smallest possible dot is formed. In our apparatus this occurs 
when the ratio between the extractor and repeller is about VE/VR = 0.71. This is 
the setting for the velocity map imaging mode.26 After finding the extractor 
voltage for velocity mapping, we can then set the extractor voltage to 50% of 
the repeller voltage (VE/VR=0.5).  With this setting we obtain a magnification of 
the spatial positions of zero-velocity species. 
          Fig. 2.26 (a) represents a spatial map image of non-focused, cold (no 
kinetic energy release) ions at mass 17 ((OH+) from (2+1) REMPI via the R1(1) 
line, Vhex=0, no beam stop).  In order to ionize OH by REMPI a focused laser is 
needed.  Note that the confocal length of the focused laser under our conditions 
is larger than the molecular beam diameter. This image is a summation of a 
series of images (each image averaged over 500 laser shots) which are added 
together, with the laser beam displaced in small steps of 0.5 mm across the 
molecular beam diameter. The molecular beam size is about 4 mm diameter, 
defined by the 4 mm hole in the repeller plate.  
           In Fig. 2.26 (b) the electrostatic lens is set for velocity mapping by 
increasing the voltage on the extractor to about 70% (VE/VR=0.71) and the 4mm 
line image collapses to a small dot of ~ 0.4 mm. 
          Spatial map imaging helps in finding the center of the molecular beam 
and also the proper distance for focusing the REMPI laser. By the spatial map 
imaging it is also possible to study the focusing performance of our electrostatic 
hexapole.27  Some preliminary results are shown in Fig. 2.27, where we present 
spatial map images of mass 17 (OH+) from (2+1) REMPI of (a) the R1(1) line, 
which originates from the defocused e level (no beam stop), (b) Q1(1) line, 
which originates from the focused  f  level (with beam stop), (c) Q1(1) line, 
which originates from the focused  f  level (no beam stop). This set of two-
dimensional spatial map images show the spatial distribution of OH as a 
function of the applied hexapole voltage. 
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Figure 2.26: a) Spatial image of non-focused cold OH beam (R branch, Vhex=0, no beam stop). 
This is a summation image where the laser beam is displaced stepwise through the OH molecular 
beam diameter of 4 mm. b) Velocity map image of non-focused cold OH beam (R branch, Vhex=0, 
no beam stop). The image collapses to a small dot. 
 
          In most of the spatial map images shown in Fig. 2.27 the shadow of the 
hexapole rods is clearly visible on the outside edge of the image. We can also 
see that the sharp spatial focus of the molecular beam is at a hexapole voltage of 
9.3 kV (+/- 4.65 kV) (especially this is evident in Fig. 2.27 (b)) and after that 
voltage the beam spatial distribution broadens. At 9.3 kV (+/- 4.65 kV) the OH 
molecules in the MJ = 3/2 state have a first order focus in the collision zone 
(where the molecular beam is crossed with the laser beam) For OH molecules in 
the MJ = 1/2 state much higher hexapole voltage is needed to obtain a focus in 
the collision zone.  
           In the spatial map images in Fig. 2.27 (b) attention should be paid to the 
evident rotation of the six-fold symmetry in the images by 30˚ when going from 
the under-focused (see image at 7 kV ) to the over-focused situation (see image 
at 12 kV) for the OH molecules in the MJ = 3/2 state. Due to the Φ-dependence 
of the hexapole for r>0.5 r0 (Fig. 2.4) molecules traveling in Φ positions closest 
to the rods are evident in the under-focused image. At hexapole voltages beyond 
the focus this group of molecules appear at positions opposite to the hexapole 
rod, causing the shadow to appear to rotate by 30˚. Also, at a hexapole voltage 
higher than 12 kV the OH molecules in the MJ = 1/2 state begin to focus and the 
spatial distribution of these molecules start to have the same shape as the MJ = 
3/2 state molecules at lower voltages. For example, the spatial distribution of MJ 
= 1/2 state in the under-focused situation at 21 kV is similar to the spatial 
distribution of the MJ = 3/2 state molecules in the under-focused situation at 7 
kV hexapole voltage. Due to the risk of breakdown, spatial map images at  
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Figure 2.27: Spatial distributions of the OH molecular beam as a function of the hexapole 
voltage. a) Mass 17 (OH+) images from (2+1) REMPI on the Q line, which originates from the 
focused f level (no beam stop). b) Same as a) but with a beam stop. c) Spatial images from the 
(2+1) REMPI R line, which originates from the defocused e level (no beam stop). 
 
hexapole voltage higher than 21 kV have not been measured and we were 
unable to see a full first order focus of the MJ = 1/2 state. Spatial map images 
shown in Fig. 2.27 (b) are measured with the with a 2 mm diameter beam stop 
mounted 5 mm in front of the hexapole. The shape of the beam stop is clearly 
visible at a hexapole voltage of 14 kV. It is evident from this image that the 
beam stop is slightly misaligned from the center of the hexapole axis. 
 
 
2.2.6.  The Doppler-free multi photon ionization technique 
 
An H atom at rest will absorb radiation at frequency ν0 corresponding to the line 
center of the transition between two of its quantum states. The effect of motion 
(with velocity component vz ) along the propagation axis of the probe radiation, 
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z, is to shift the frequency of absorption to a new frequency given by: 
                                           ν = ν0 (1 ±
c
v z )                                                 (2.11) 
where the +/- corresponds to a motion parallel and anti-parallel to the 
propagation direction of the probe radiation, respectively. ∆ ν= ν0
c
v z  is called 
the Doppler shift. The spread of velocities in a sample of molecules at T=300 K 
typically introduces a width of ~10-6 of the transition frequency. For a thermal 
distribution the Doppler broadened width scales as
M
T
, where M is the 
molecular mass. 
          In Doppler-free multi photon ionization35  of hydrogen atoms, two counter 
propagating laser beams at 243 nm can ionize any H atom at one wavelength, 
independent of the lab frame velocities. By the more typical Doppler-broadened 
methods, only a fraction of the H atoms is ionized at a single wavelength, 
because the laser bandwidth is smaller than the Doppler width. This is 
unfavorable since we need to scan the probe wavelength over the Doppler 
broadened width to completely sample the velocity distribution and thus 
measure the complete angular distribution of the H atom product. 
          Doppler free ionization results from the absorption of two photons 
propagating in opposite directions such that the Doppler shifts of each absorbed 
photon cancels against each other.  Consider an atom with velocity v
r
 in the 
laboratory frame interacting with the laser field of frequency ωlaser and 
propagation direction k
r
.  The atom sees a Doppler shifted frequency of:  
                             v  laser
rr
⋅−= kωω                                                       (2.12) 
 
If two photons are required for the resonant transition, sum of the two 
frequencies seen by the molecule is:  
)( v 21laser2,laser1,21 kk
vrr
+⋅−+=+ ωωωω                                          (2.13) 
 
If ω1= ω2 and the two photons come from the two opposite laser beams, 
21 kk
rr
−= and the Doppler shift is zero. 
 
          In our experiment on Doppler-free (2+1) multi-photon ionization we used 
two counter propagating linearly polarized laser beams to ionize the D(1s 2S) 
atoms by (2+1) REMPI through the D(2s 2S) state at the center wavelength of 
⇒+⋅−+=+= )( v )()(  - 21laser2,laser1,21f kkEE i
vrr
hhh ωωωω
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243.09 nm.  Using this technique we succeed to ionize all D atoms at a single 
probe laser wavelength, independent of their lab-frame velocities (no Doppler 
shift). Most importantly, by this method we managed to eliminate most of the 
background signal.  
          The theoretical signal enhancement for two beams versus one beam is: 
FWHM
rangen24 ⋅ . The factor of 4 comes from the quantum mechanical 
interference between two indistinguishable paths for Doppler-free REMPI.36 
The factor of 2n comes from the ionization of the excited molecule. If it is 
assumed that non-resonant ionization takes place with a power law of n, when 
the power is doubled the signal increases by 2n. The biggest enhancement 
originates from the last term. The ‘range’is the width of the Doppler-broadened 
spectrum and the ‘FWHM’is the full-width at half maximum of the Doppler-
free peak. This term represents the gain from ionizing all products at once 
versus ionizing only a Doppler-selected subset. 
          Doppler-free imaging works best when the laser bandwidth is 
significantly smaller than the Doppler width, and is thus most appropriate for H 
atom detection.  We have also used this approach for the detection of energetic 
O atoms.  
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ABSTRACT 
 
 
 
A state-selected beam of hydroxyl radicals is generated using a pulsed discharge source 
and hexapole field.  The OH radicals are characterized by resonance enhanced 
multiphoton ionization (REMPI) spectroscopy via the nested D 2Σ− and 3 2Σ− Rydberg 
states.  Simplified spectra are observed from the selected |MJ|=3/2 component of the 
upper Λ-doublet level of the lowest rotational state (J=3/2) in ground (v″=0) and excited 
(v″=1-3) vibrational levels of the OH X 2Π3/2 state.  Two-photon transitions are observed 
to the D 2Σ−(v′=0-3) and 3 2Σ−(v′=0,1) vibronic levels, extending previous studies to 
higher vibrational levels of the Rydberg states.  Spectroscopic constants are derived for 
the Rydberg states and compared with prior experimental studies.  Complementary first-
principle theoretical studies of the properties of the D 2Σ− and 3 2Σ− Rydberg states [see 
M. P. J. Van der Loo and G. C. Groenenboom, J.Chem. Phys. 123, 074310 (2005)] are 
used to interpret the experimental findings and examine the utility of the (2+1) REMPI 
scheme for sensitive detection of OH radicals. 
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3.1. INTRODUCTION 
 
The atmosphere, combustion and interstellar space are some of the 
environments where the hydroxyl radical, OH, plays an important role.  
Typically, laboratory and field measurements of OH radicals are achieved 
through laser induced fluorescence (LIF) detection on various well 
characterized A 2Σ+ - X 2Π transitions.1-4  The utility of the A-X band system is 
limited to the detection of low vibrational levels of the X 2Π state, namely v″ ≤ 
4,5 due to Frank-Condon factors that favor diagonal transitions and electronic 
predissociation in the A 2Σ+ state.  More recently, the B 2Σ+ - X 2Π system has 
been developed for LIF detection of higher vibrational levels of the X 2Π state  
(6 ≤ v″ ≤ 15).6-10  Nevertheless, certain applications, such as crossed molecular 
beam scattering11,12 and ultracold molecule studies,13,14 would benefit from even 
more sensitive detection of OH radicals, such as might be provided by a 
resonance enhanced ionization scheme. 
          Several resonance enhanced ionization schemes have been developed for 
OH radicals,15-18 but these have not been widely adopted for OH detection.  
Most of the studies utilize the lowest - lying Rydberg states of OH, the nested 
D 2Σ− and 3 2Σ− states at 10.1 and 10.9 eV, as resonant intermediate states, as 
illustrated in Fig. 3.1.  The properties of these Rydberg states have been studied 
by direct absorption,19 (2+1) resonance enhanced multiphoton ionization 
(REMPI) spectroscopy,16,17 and (1+1) REMPI,15 the latter resolving a long-
standing discrepancy in the location of the D 2Σ−(v′=0) – X 2Π(v″=0) band 
origin.  These experimental studies used a variety of ways to produce the OH 
radicals, namely photolysis of hydrogen peroxide or formic acid15-17 and a 
discharge source.19  Overall, these studies have enabled characterization of 
several low vibrational levels of the D 2Σ−(v′=0-2) and 3 2Σ−(v′=0) Rydberg 
states of the OH radical.  The present work builds on the earlier studies by using 
a jet-cooled and state-selected beam of OH radicals for photoionization studies, 
and comparing the experimental results with first principle calculations of the 
excitation and decay processes that are detailed in the paper from Van der Loo 
and Groenenboom.20  For example, these calculations show that the initial two-
photon D2Σ− ←← X 2Π excitation step has a reasonably strong absorption cross 
section.  This suggests that (2+1) REMPI detection of OH could be quite 
effective, if the D 2Σ− and 3 2Σ− states can be ionized efficiently compared to 
other decay processes. 
          The current experimental study along with previous studies have been 
guided by ab initio calculations performed more than twenty years ago by van 
Dishoeck, Dalgarno, and coworkers.21,22  These theoretical studies employed 
configuration-interaction methods to characterize the low-lying electronic states 
of the OH radical with 2Σ+, 2Σ−, 2Π, and 2∆ symmetries, many of which are 
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Figure 3.1:  Ab initio potentials computed for the ground X 2Π, repulsive 1 2Σ−  and D 2Σ− and  
3 2Σ− Rydberg states of OH from Ref. 20.  The (2+1) REMPI transition from the ground state to 
the v′=0 level of the 3 2Σ− Rydberg state is illustrated. 
 
involved in photodissociation processes.  The potential energy curves and 
strongly R-dependent transition dipole moments connecting the states were the 
main focus of these studies, which also included calculation of 
photodissociation spectra for transitions from X 2Π(v″) to repulsive potentials 
and bound states that subsequently dissociate.  Most relevant to the present 
study were calculations of electronic transition moments and/or oscillator 
strengths for one-photon transitions from the X 2Π to D 2Σ− and 3 2Σ− states as 
well as the 1 2Σ− repulsive potential accessed in a recent photodissociation study 
by this group.23  The oscillator strength was predicted to fall off smoothly with 
increasing vibrational excitation in the D 2Σ− state,22 suggesting that higher 
vibrational levels of the Rydberg states might be observable.  The spontaneous 
emission rate from various D 2Σ−(v′) states (∼108 s-1) was also evaluated, 
although the relative importance of predissociation resulting from crossings 
with several repulsive potentials (B 2Σ+, 2 2Π, and 1 4Π) was not determined in 
these early calculations. 
          The paper from Van der Loo and Groenenboom20 presents a 
comprehensive theoretical investigation of the properties of the D 2Σ− and 3 2Σ− 
Rydberg states, which are obtained using modern multireference configuration 
interaction methods with the MOLPRO package.24-26  New ab initio potentials 
are computed and then adjusted to ensure that the bound states match the 
vibrational energies G(v) and rotational constants Bv observed experimentally.  
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Time-dependent perturbation theory is subsequently used to compute one- and 
two-photon absorption cross sections for transitions from the X 2Π to D 2Σ− and 
3 2Σ− Rydberg states.  This involves calculation of the R-dependent transition 
dipole moments connecting these states as well as the 1 2Σ− repulsive potential 
that serves as the dominant virtual state in the two-photon excitation process.  In 
addition, the theoretical study examines the lifetimes of various vibrational 
levels in the D 2Σ− and 3 2Σ− states resulting from radiative and predissociative 
decay processes, the latter arising from spin-orbit coupling with the B 2Σ+, 2 2Π, 
and/or 1 4Π states.  The calculated two-photon cross sections and excited state 
lifetimes are utilized in this study to help interpret the spectroscopic 
observations from (2+1) REMPI studies of state-selected OH radicals. 
          The current study also builds on this group’s recent investigation of the 
photodissociation of OD radicals at 226 and 243 nm,23 which fall within the 
wavelength region used for REMPI studies.  The photodissociation study used 
velocity map imaging to probe the angle-speed distribution of the D(2S) and 
O(3P) products. Both experiment and complementary first principle theory 
showed that photodissociation at these wavelengths results from promotion of 
OD from vibrationally excited levels (v″=2-6) of the ground X 2Π state to the 
repulsive 1 2Σ− potential in a one-photon process.  The vibrationally excited 
OH/D radicals are produced in a discharge source.  The present study utilizes 
this same discharge source, thereby providing an opportunity to investigate 
REMPI transitions originating from excited vibrational levels of the X 2Π state 
for the first time. 
 
 
3.2.  EXPERIMENT 
 
Several novel experimental techniques are combined in our velocity map 
imaging apparatus to investigate the photodissociation23 and photoionization of 
OH radicals. The various components of the experimental apparatus are 
illustrated in Fig. 3.2.  The OH radicals are produced in a pulsed discharge 
source27 that operates as follows:  the vapor over liquid H2O at room 
temperature is seeded in Ar carrier gas (1.5 bar) and pulsed from a Jordan valve 
into the primary vacuum chamber.  The valve has a conical shaped stainless 
steel nozzle with a 0.4 mm orifice.  A stainless steel ring (4 mm diameter, 0.5 
mm thick), which is located on-axis 2.5 mm from the orifice, has a high voltage 
pulse applied to it that creates an electrical discharge between the ring and the 
grounded valve body.  The desired OH radicals as well as other ions and neutral 
fragments are produced in the discharge.  The production of OH radicals is 
optimized with a ring voltage of –1.55 kV.  The gas pulse is skimmed as it 
passes into the detection chamber.28 
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Figure 3.2:  Experimental apparatus consists of a pulsed discharge source to generate OH 
radicals, a hexapole field to state-select and spatially focus the OH radicals into the focused laser 
interaction region, and a time-of-flight (TOF) mass spectrometer with repeller (R), extractor (E), 
and ground (G) plates shown.  The focusing curves (upper panel) show trajectories for the 
selected |MJ|=3/2 component of the upper Λ-doublet level (f-symmetry) of the lowest rotational 
state of OH (X 2Π3/2, J=3/2).  Note that the y-axis scale has been expanded by a factor of six in the 
upper panel to show the displacement from the beam axis. 
 
          A hexapole field is applied in the detection chamber to state-select and 
focus the OH radicals in the gas pulse.29-31  The hexapole assembly consists of 
six highly polished cylindrical rods, each of 3 mm diameter and 120 mm length, 
that are held in a hexagonal array with an internal diameter of 6 mm.  The six 
rods are alternately charged to +7 and −7 kV under typical operating conditions.  
The hexapole field is used to select the |MJ|=3/2 component of the upper Λ-
doublet level (f-symmetry) of the lowest rotational state of OH (X 2Π3/2, J=3/2).  
A high degree of state selection is achieved without a beam stop.  The hexapole 
field also acts as an electrostatic lens to spatially focus the state-selected OH 
radicals on the molecular beam axis.  Calculated trajectories32 for the state-
selected OH beam in the hexapole field are shown in the top panel of Fig. 3.2.  
The field defocuses other internal energy states of OH,29 and has no effect on 
other species (e.g. O or H2O) originating from the pulsed discharge source. 
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          A UV laser crosses the state-selected OH radical beam in the ionization 
region of a time-of-flight (TOF) mass spectrometer that lies along the molecular 
beam axis beyond the exit of the hexapole assembly.  A frequency-tripled 
Nd:YAG laser (Continuum Surelite, 10 Hz, 4-6 ns) pumps a Continuum TDL60 
dye laser (0.12 cm-1 bandwidth) operating with Coumarin 102, 47, 120, or 307 
or Stilbene 420 dye in methanol solution.  The ∼20 mJ/pulse output from the 
dye laser in the 430-520 nm region is frequency-doubled with a BBO crystal 
mounted on a tracking stage to yield 2-3 mJ of tunable radiation from 215-260 
nm.  The UV laser beam is then focused into the ionization region with a 200 
mm focal length lens.  The laser polarization is vertical and parallel to the TOF 
detector.  The dye laser is calibrated with the well known (2+1) REMPI spectra 
of O2 as well as the (2+1) REMPI lines for NO and O(3PJ).33-35  The OH REMPI 
spectra are more precisely calibrated by simultaneously recording a Ne 
optogalvanic spectrum using the residual fundamental output of the dye 
laser.35,36 
          Ions are detected on the OH+ mass channel (m/e=17) using a TOF mass 
spectrometer that has been specially adapted for velocity map imaging 
experiments.37  The electrostatic lens consists of repeller, extractor, and ground 
plates, each with central holes to allow the molecular beam to pass through 
them.38  The extracted ions pass through a field free region (360 mm) and are 
then detected using a pair of microchannel plates (MCP) followed by a 
phosphor screen.  The MCP plates are pulsed on to coincide with the arrival 
time of the desired ion mass.  The voltage applied to the second plate is delayed 
relative to the first plate to discriminate against high energy photons created 
directly in the discharge source.  A CCD camera mounted behind the phosphor 
screen captures the images.  The data collection is powered by the DaVis 
software package.  The intensity of the ion signal in a rectangular region of the 
image is accumulated for a fixed number of laser shots before the laser is 
stepped in wavelength.  The process is then repeated until the desired 
wavelength range is covered in the REMPI spectrum. 
 
 
3.3.  RESULTS AND ANALYSIS 
 
The jet-cooled molecular beam of OH results in greatly simplified (2+1) REMPI 
spectra for OH in the D 2Σ− - X 2Π and 3 2Σ− - X 2Π spectral regions as compared 
to previously reported spectra.16,17  A representative spectrum of the two-photon 
OH 3 2Σ−(v′=0) - X 2Π(v″=0) transition is shown in Fig. 3.3. (lower trace, 
hexapole OFF).  The vibronic band consists of just a few distinct Q1, R1, and S1 
lines originating from the lowest rotational levels, J = 3/2 and 5/2, of the ground 
X 2Π3/2 state of OH, which illustrates the extensive rotational cooling in the 
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Figure 3.3:  Comparison of the vibronic band structure observed by (2+1) REMPI for the OH  
3 2Σ−(v′=0) - X 2Π(v″=0) transition with hexapole focusing ON and OFF.  The Q1(1) and S1(1) 
lines that originate from selected OH (J=3/2, f) state are significantly enhanced with hexapole 
focusing. 
 
supersonic expansion.  Only lines in the Q, R, and S branches are observed due 
to a combination of two-photon selection rules (∆J = 0, ±1, ±2) and Hönl-
London considerations at low J.39 
          Further spectral simplification and enhanced sensitivity is achieved 
through hexapole focusing that selects the |MJ|=3/2 component of the upper Λ-
doublet level (f-symmetry) of the lowest rotational state of OH (X 2Π3/2, J=3/2).  
This is illustrated in Fig. 3.3, where the OH 3 2Σ−(v′=0) - X 2Π(v″=0) transition 
is shown under hexapole focusing conditions (upper trace, hexapole ON), which 
was recorded immediately after the hexapole OFF scan.  Hexapole focusing 
results in an eight-fold enhancement of the Q1(1) and S1(1) lines that originate 
from the selected OH state (J=3/2, f).  A slight decrease is observed for the 
R1(1) line that originates from the lower Λ-doublet of e-symmetry, which is 
defocused by the hexapole field. 
          Previous LIF measurements with a similar OH discharge source and 
hexapole field revealed a similar 8-fold enhancement for transitions originating 
from the upper Λ-doublet, but a more significant 4-fold decrease in intensity for 
transitions that originate from the lower Λ-doublet.40  In the present experiment, 
the Q1(1) and S1(1) line intensities grow as expected, but the R1(1) line does not 
decrease as much as expected.  This arises from the high voltage applied to the 
electrostatic lens of the TOF mass spectrometer, which creates an electric field 
that mixes Λ-doublet states with the same total angular momentum (e.g. J=3/2) 
after hexapole state selection.41,42  When the high voltage on the electrostatic 
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lens is turned off, the R1(1) line intensity decreases to the point that it is not 
observable with the hexapole ON. 
          The enhanced sensitivity for (2+1) REMPI spectra of OH with hexapole 
focusing of the jet-cooled molecular beam has enabled us to observe several 
new vibronic bands that have not been reported previously.  Transitions have 
been identified to higher vibrational levels of the D 2Σ− and 3 2Σ− Rydberg states 
than seen previously, as shown in Figs. 3.4 and 3.5. The rotational band 
structures associated with the D 2Σ−(v′=3) - X 2Π(v″=0) and 3 2Σ−(v′=1) - X 2Π 
(v″=0) transitions are displayed in the figures.  These bands are assigned based 
on their vibrational spacing from the next lower level, the characteristic three 
line rotational band structure, Q1(1), R1(1) and S1(1), under jet-cooled 
conditions, and the enhancement of the Q1(1) and S1(1) lines with hexapole 
focusing (only hexapole ON conditions are shown in the figures).  The OH 
D 2Σ−(v′=3) - X 2Π(v″=0) spectral region (Fig. 3.4) is complicated by the 
appearance of three weak features near 89290, 89360 and 89400 cm-1, which are 
likely due to unassigned (2+1) REMPI transitions of H2O.43  In addition, 
transitions are observed to all lower vibrational levels of these Rydberg states,  
D 2Σ−(v′=0-2) and 3 2Σ−(v′=0), from the hexapole state-selected OH X 2Π3/2 
(v″=0, J=3/2, f) level.  Searches were made for transitions that access yet higher 
vibrational levels of the D 2Σ− and 3 2Σ− states, but none were observed. 
          The OH lines in the REMPI spectra displayed in Figs. 3.3-3.5 exhibit 
asymmetric broadened line shapes with shading to higher energy.  The 
experimentally observed line shape is attributed to the ac Stark effect, which 
results from the high power density of the laser.  This type of line shape is 
common in nonlinear spectroscopy, and is generally referred to as the optical or 
dynamical Stark effect, light shifts, or the Autler-Townes effect.44,45  The 
breadth of the OH lines is on the order of 1.5 cm-1 HWHM as compared to an 
effective two-photon laser resolution of 0.5 cm-1.  The observed breadth is far 
greater than anticipated from lifetime broadening.  The Rydberg states are 
computed to have 10-400 ps lifetimes with corresponding homogeneous 
linewidths of less than 0.1 cm-1.20 
          The spectral data was analyzed to obtain band origins and rotational 
constants for the new transitions to the D 2Σ−(v′=3) and 3 2Σ−(v′=1) as well as all 
lower vibrational levels in these Rydberg states.  An energy level diagram 
illustrating the upper and lower states involved in the two-photon 2Σ− - X 2Π3/2 
transitions is shown in Fig. 3.6.  The Λ-doublet spacing in the X 2Π3/2 is 
exaggerated to show that Q1(1) and S1(1) lines originate from the upper Λ- 
doublet component (f-symmetry) and the R1(1) line originates from the lower Λ-
doublet component (e-symmetry) of the lowest rotational level (J=3/2). The 
following standard expression is used to define the F1 energy levels in a 2Σ− 
state in terms of the upper state constants, 
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Figure 3.4:  Vibronic spectrum of the newly observed OH D 2Σ−(v′=3) - X 2Π(v″=0) transition 
obtained by (2+1) REMPI with hexapole focusing.  Asterisks indicate peaks likely due to 
unassigned (2+1) REMPI transitions of H2O. 
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Figure 3.5:  Rotational band structure associated with the newly observed OH 3 2Σ−(v′=1) - X 2Π 
(v″=0) transition obtained by (2+1) REMPI with hexapole focusing. 
 
 
  
F1(N′) = Tv + BvN′(N′ + 1) + ½γN′                                                     (3.1) 
 
where J′ = N′ + ½.  The spin splitting constant, γ, was shown to be negative 
(ranging from –0.2 to –0.5 cm-1) for lower vibrational levels in these Rydberg 
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states, effectively shifting the rotational levels to lower energy by ½γN′.  The 
spacings between the N′ rotational levels accessed by the Q1(1), R1(1) and S1(1) 
lines are 4Bv + γ/2 and 6Bv + γ/2.  The γ constant could not be determined 
directly from these two spacings in our measurements because of the 
experimental linewidth.  Instead, we assume that the spin splitting constant for 
each of the newly observed levels is approximately equal to the previously 
determined value for the next lower vibrational level,16 as listed in Table 3.1.  
Fortunately, at low J the γ/2 term is sufficiently small that it does not 
significantly affect the resultant Bv values.        
          Combination differences associated with the Q1(1), R1(1) and S1(1) lines 
for each vibronic transition were then used to determine the rotational constants 
Bv, with the small ground state Λ-doublet splitting (0.055 cm-1 for J=3/2)1 taken 
into account.  Multiple measurements of Bv derived from several spectral 
transitions that access the same v′ were averaged to determine the Bv values and 
associated uncertainties given in Table 3.1.  The vibronic origin Tv (equivalent 
to the unobserved P1(1) transition frequency) was then computed from the Q1(1) 
line position, upper state Bv value, and ground state Λ-doublet spacing. Table 
3.1 lists the Tv, G(v), Bv, and γv values for each vibrational level in the D 2Σ− and 
32Σ− Rydberg states accessed in the present experiments as well as previously 
reported values. 
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Figure 3.6:  Energy level diagram illustrating the upper and lower states involved in two-photon  
2Σ− - 2Π transitions.  The Q1(1) and S1(1) lines are enhanced by hexapole focusing of the upper Λ-
doublet level (f-symmetry) of the lowest rotational state of OH X 2Π3/2(J=3/2).  The Λ-doublet 
spacing is exaggerated for clarity.  Upper state spacings used to determine rotational constants via 
combination differences are noted.  The vibronic origin Tv is equivalent to the unobserved P1(1) 
transition frequency. 
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Table 3.1: Spectroscopic constants including band origins (Tv), vibrational energies [G(v)], 
rotational constants (Bv), and spin-rotation constants (γv) derived for vibronic levels of the D 2Σ− 
and 3 2Σ− Rydberg states of OH from this and previous experimental studies. 
 
 
 Tv (cm
-1) a G(v)  (cm-1) Bv (cm-1) b,c γv (cm-1) d Ref. 
D 2Σ−      
v′ = 0 81798.4(5) 0 15.0(2) −0.5 this work 
 81799(1) 0   McRaven et al.15 
 81815.8 0 15.22 −0.5 de Beer et al.16 
 81795.8(5) 0 15.24(2) −0.37(7) Collard et al.17 
 81797.95 0 15.218 −0.293 Douglas19 
v′ = 1 84364.1(5) 2566(2) 14.8(1) −0.3 this work 
 84365.1 2549.3 14.79 −0.3 de Beer et al.16 
 84349(15) 2550 14.83(3) −0.37(13) Collard et al.17 
v′ = 2 86865.3(5) 5067(2) 14.2(2) −0.4 this work 
 86866.1 5050.3 14.30 −0.4 de Beer et al.16 
v′ = 3 89285.1(5) 7487(2) 13.6(2) −0.4 this work 
3 2Σ−      
v′ = 0 87642.4(5) 0 14.9(1) −0.2 this work 
 87643.7 0 14.90 −0.2 de Beer et al.16 
v′ = 1 90282.6(5) 2640(2) 14.1(2) −0.2 this work 
 
a Tv values are for transitions from X 
2Π3/2(v″=0), evaluated at the peak of the asymmetric line 
profile.  Uncertainty in Tv is estimated from the effective two-photon linewidth arising from the 
laser bandwidth. 
b de Beer et al.,16 Collard et al.,17 and Douglas19 include Dv in their analysis, which is not taken 
into account in the present work with low J transitions only. 
c Bv values from this work include data from all transitions that access a given v′ level, and its 
uncertainty is derived from a statistical analysis of the multiple measurements. 
d In this work, γv is fixed at the de Beer et al.
16 value or their value for the next lower v′. 
 
          As pointed out recently by McRaven et al.,15 there has been a discrepancy 
in the literature concerning the T0 value for the D 2Σ− state of OH.  McRaven et 
al. reports T0 = 81799(1) cm-1 as compared to values determined by de Beer et 
al.,16 Collard et al.,17 and Douglas19 of 81815.8, 81795.8(5), and 81797.95 cm-1, 
respectively.  The value obtained in the present study, T0 = 81798.4(5) cm-1, is 
in excellent accord with the latest result of McRaven et al.15  These values are 
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also in reasonably good agreement with the studies of Collard et al. and 
Douglas, but not the study of de Beer et al.  Other results reported by de Beer et 
al.,16 especially those dependent on the relative frequency of their laser, are in 
much better agreement with the present results (see Table 3.1). 
          The enhanced sensitivity for (2+1) REMPI spectra of OH with hexapole 
focusing has also allowed us to observe numerous transitions to the D 2Σ− and  
3 2Σ− Rydberg states originating from excited vibrational levels of the ground  
X 2Π3/2 state, specifically v″=1-3, which are listed in Table 3.2.  The OH radicals 
are created and vibrationally excited in the pulsed discharge source, and then 
cooled – at least rotationally – in the ensuing supersonic expansion.  Population 
in excited vibrational states is not substantially relaxed in the expansion, 
presumably due to the large vibrational energy spacings.  In our 
photodissociation study of OD at 226 and 243 nm (see Chapter 4),23 we 
estimated a vibrational temperature of approximately 1700 K to account for the 
relative population of OD X 2Π3/2(v″=2-6) that was promoted to the repulsive 
1 2Σ− state.  At this vibrational temperature, the v″=1-3 states of OH would 
contain only 5, 0.3, and 0.002% of the total population.  Nevertheless, (2+1) 
REMPI transitions are observed from each of these states (v″=1-3) to the v′=0 
and 1 levels of the 3 2Σ− Rydberg state.  Fewer transitions are observed to the D 
2Σ− Rydberg state, most of which originate from the v″=0, 1 levels of the ground 
X 2Π state.  Only the D 2Σ−(v′=1) - X 2Π(v″=2) and D 2Σ−(v′=3) - X 2Π(v″=2) 
transitions are detected from v″=2, and only a very weak transition is observed 
originating from v″=3. 
             A vibronic band was assigned only if both the Q1(1) and S1(1) lines 
could be identified under hexapole focusing conditions.  The vibronic origins 
derived from the observed transitions are given in Table 3.2.  Assignments of 
the newly observed transitions to the 2Σ− Rydberg states were checked for 
consistency with the well known vibrational spacings G(v″) in the ground X 2Π 
state.1  In addition, vibrational spacings G(v′) in the D 2Σ− and 3 2Σ− states 
associated with transitions from excited vibrational levels of the ground X 2Π 
state were found to be in accord with those given in Table 3.1. 
 
 
3.4. DISCUSSION 
 
The current experimental study yields simplified (2+1) REMPI spectra of the 
OH radical through hexapole state selection and focusing of a supersonic beam.  
The radicals are generated in a pulsed discharge source that is shown to produce 
rotationally cold, albeit vibrationally hot OH radicals.23 Transitions are observed 
from the hexapole-selected OH X 2Π3/2(J=3/2, f) state in several vibrational 
levels, v″=0-3, to various rovibrational levels in the nested D 2Σ− and 3 2Σ− 
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Table 3.2:  Matrix of the experimental vibronic origins (Tv, cm
-1) [the uncertainty of Tv values for 
transitions from X 2Π3/2(v″=1-3) is estimated as the breadth (HWHM) of the asymmetric line 
profiles] and calculated two-photon cross sections ( )2(σˆ , 10-38 cm4) (Ref. 20) for OH transitions 
from X 2Π(v″) to D 2Σ−(v′) and 3 2Σ−(v′) Rydberg states. 
 
 X 2Π v″ = 0 v″ = 1 v″ = 2 v″ = 3 
D 2Σ−      
v′ = 0 
Tv 
)2(σˆ  
81798.4 
2.57 
78231.4 
3.88E-1 
a 
1.39E-2 
a 
5.84E-3 
v′ = 1 
Tv 
)2(σˆ  
84364.1 
1.52 
80793.3 
4.90E-1 
77392.5 
4.41E-1 
b 
6.42E-2 
v′ = 2 
Tv 
)2(σˆ  
86865.3 
5.86E-1 
83292.4 
1.04 
b 
5.47E-2 
c 
4.08E-1 
v′ = 3 
Tv 
)2(σˆ  
89285.1 
1.72E-1 
85714.2 
8.07E-1 
82309.6 
4.96E-1 
b 
7.24E-5 
v′ = 4 
Tv 
)2(σˆ  
b 
4.71E-2 
b 
4.46E-1 
b 
6.85E-1 
b 
2.34E-1 
3 2Σ−      
v′ = 0 
Tv 
)2(σˆ  
87642.4 
1.61 
84074.3 
2.31 
80671.2 
1.12 
77431.3 d 
1.89E-1 
v′ = 1 
Tv 
)2(σˆ  
90282.6 
2.69E-1 
86713.5 
4.16E-1 
83306.0 
2.82 
80074.7 
2.38 
v′ = 2 
Tv 
)2(σˆ  
b 
1.03E-2 
b 
3.70E-1 
b 
1.55E-2 
b 
2.55 
v′ = 3 
Tv 
)2(σˆ  
a 
6.83E-4 
b 
5.59E-2 
b 
3.59E-1 
b 
5.99E-2 
a Transitions were not scanned, in most cases because they required a frequency-doubled Nd:YAG 
pumped dye laser. 
b Searches were made for these transitions, but they were not observed. 
c A very weak transition was observed near 76670 cm-1. 
d A water line overlaps the S1(1) line of this very weak OH transition, making its identification 
very tentative. 
 
Rydberg states.  Transitions are observed to the D 2Σ−(v′=0-3) and 3 2Σ−(v′=0,1) 
vibronic levels, which extends previous studies to higher vibrational levels in 
the Rydberg states.  Transitions to yet higher vibrational levels are not observed. 
          A spectroscopic analysis has been performed to ascertain the vibronic 
origin, Tv,  and upper state rotational constant, Bv, associated  with each vibronic  
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band (Table 3.1).  The vibronic origins are used to determine the vibrational 
energies, G(v), of the observed levels in the D 2Σ− and 3 2Σ− states, which are 
listed in Table 3.1.  A weighted least square fit of the G(v)  values is then 
carried out to estimate the harmonic frequency ωe = 2642.2(9) cm-1 and 
anharmonicity constant ωexe = 36.8(3) cm-1 for the D 2Σ− state.  Since only one 
vibrational spacing is available for the 32Σ− state, analogous vibrational 
parameters cannot be determined.  Similarly, a weighted least squares fit of Bv 
values is performed to determine the rotational constants Be = 15.5(2) cm-1 and 
αe = 0.51(9) cm-1 at the equilibrium position of the D 2Σ− state, along with the 
corresponding internuclear separation distance, Re = 1.072(5) Å.  The Be and αe 
constants for the 3 2Σ− state are determined to be 15.3(1) cm-1 and 0.8(2) cm-1, 
along with Re = 1.078(3) Å, based on the two available Bv values. 
          Comparison of the spectroscopic parameters derived in this work with 
those from previous experimental studies is possible only for transitions 
originating from the X 2Π3/2(v″=0) state, as shown in Table 3.1.  Transitions 
originating from excited vibrational levels of the X 2Π3/2 state (Table 3.2) have 
not been reported previously.  The vibronic origin of the D 2Σ−(v′=0) – X 2Π 
(v″=0) transition in the present work is consistent with the value obtained in a 
recent (1+1) REMPI study,15 resolving a discrepancy in an earlier report.16  
Excluding this earlier report of T0,16 there is very good agreement between the 
vibronic origins reported here and those deduced in previous studies of 
transitions to the D 2Σ− (v′=0-2) and 3 2Σ− (v′=0) states.15-17,19  Similarly, there is 
good accord between the rotational constants presented here and those obtained 
in previous studies.16,17,19  Additionally, the equilibrium rotational constant and 
bond length derived here for the D 2Σ− state agree with a previous determination 
of these parameters.17  However, the vibrational constants estimated in that same 
study17 using isotopic data do not agree with current results, most likely because 
of the limited G(v)  data available at that time. 
          The spectroscopic observables are compared with the corresponding 
properties derived from ab initio potentials of the D 2Σ− and 3 2Σ− Rydberg 
states in the accompanying paper.20  The ab initio potentials are then adjusted to 
match the experimental data reported here for the vibrational energies and 
rotational constants of the Rydberg states.  The calculated parameters for the 
adjusted potentials match experimental G(v)  values to within 0.3% and Bv 
values to within 2.5%, which is nearly quantitative agreement.  This is 
illustrated in Fig. 3.7, which shows the experimentally observed and computed 
vibrational levels supported by the Rydberg states.  The equilibrium bond 
lengths for the D 2Σ− and 3 2Σ−  states deduced from the adjusted potentials are 
1.06 and 1.09 Å, respectively, which are in reasonably good agreement with the 
experimentally determined values of 1.072(5) and 1.078(3) Å. 
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The two photon absorption cross sections )2(σˆ for D 2Σ− - X 2Π and 3 2Σ− - X 2Π 
transitions were also calculated from first principles in the paper from Van der 
Loo and Groenenboom.20  The computed cross sections, integrated over the line 
profile, are listed in Table 3.2 in (v′,v″) matrix format for comparison with the 
pattern of experimentally observed vibronic transitions.  The largest two-photon 
cross section is predicted for the D 2Σ−(v′=0) - X 2Π(v″=0) transition with )2(σˆ = 
2.57 x 10-38 cm4.20  The cross section for this transition is comparable in 
magnitude to those for other atomic and molecular species.  For example, the 
two photon cross section for the 3p 3P2,1,0 − 2p 3P2 transition of atomic oxygen is 
five times stronger at 2.66 x 10-35 cm4.46  In addition, the two-photon cross 
section for the E/F 1Σg(v′=6) − X 1Σg(v″=0) transition of molecular hydrogen has 
been determined experimentally (2.0 x 10-36 cm4)47 and theoretically (2.8 x 10-36 
cm4)48 to be about a factor of two weaker than that predicted for OH.   
On the other hand, the experimentally determined two photon cross section for 
the R22 + S12 (J″=9.5) lines of the A 2Σ+(v′=0) - X 2Π(v″=0) transition of NO is 
1.5 x 10-38 cm4,49 which is two times weaker than that predicted for OH.  Thus, 
the magnitude of the two photon cross section suggests that OH should be a 
good candidate for (2+1) REMPI detection.  However, it still requires an 
efficient ionization step, specifically, a reasonably long-lived intermediate state 
and a large ionization cross section. 
          The radiative lifetimes of the D 2Σ− and 3 2Σ− Rydberg states are 
computed to be reasonably long in the early work of van Dishoeck and 
Delgarno (∼10 ns)21 as well as in the theoretical study (1.5 – 3.5 ns).20  These 
lifetimes are sufficiently long that radiative decay from the Rydberg states 
should not cause a substantial loss of population prior to ionization with a 4-6 ns 
or shorter laser pulse.  On the other hand, electronic predissociation of the 
Rydberg states through spin-orbit coupling with the repulsive B 2Σ+, 2 2Π, 
and1 4Π potentials could provide a much more efficient loss mechanism.  
Indeed, this has been suggested for some time,16,21 but without experimental or 
theoretical verification.  The calculations presented in the theoretical paper 
indicate overall lifetimes for the D 2Σ−(v′) and 3 2Σ−(v′) states of 40-400 ps,20 
which is at least 10 times shorter than by radiative decay alone.  The rapid decay 
is attributed primarily to coupling with the 2 2Π and 1 4Π potentials (see Table 
IX of Ref. 20).  The rapid electronic predissociation of the Rydberg states is 
expected to compete effectively with ionization when using nanosecond lasers, 
resulting in a lower ionization yields and less sensitive detection of OH via 
(2+1) REMPI.  Shorter pulsed lasers of picosecond duration should be much 
more effective in photoionization detection of OH. 
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Figure 3.7: Experimentally observed (solid) and computed (dashed) vibrational levels supported 
by the D 2Σ− and 3 2Σ− Rydberg states of OH.  The ab initio potentials and associated vibrational 
levels (dashed) have been shifted slightly to be in better accord with experiment (see Ref. 20). 
 
          A closer examination of Table 3.2 allows for comparison of calculated 
two-photon cross sections with experimental observations for transitions 
originating from specific X 2Π(v″) levels.  If one considers transitions to D 2Σ− 
(v′=0-3) and 3 2Σ−(v′=0, 1) states only, there is an extremely good correlation 
between the magnitude of the two-photon cross section and the observation of 
the corresponding transition by (2+1) REMPI.  Transitions that are not observed 
experimentally, e.g. D 2Σ−(v′=2) - X 2Π(v″=2), are predicted to have 
significantly smaller cross sections than those for observed transitions from the 
same X 2Π(v″) level.  The only exception is the 3 2Σ−(v′=0) - X 2Π(v″=3) 
transition, which has a small cross section and has been tentatively identified 
(due to an overlapping water line).  By contrast, the magnitudes of the two-
photon cross sections for transitions to higher vibrational levels in the Rydberg 
states are not consistent with the lack of observable transitions to these levels.  
In fact, several transitions are predicted to have larger cross sections, e.g. D 2Σ− 
(v′=4) - X 2Π(v″=1 or 2), than those for observed transitions from the same  
X 2Π(v″) level.  This indicates that predissociation of D 2Σ−(v′≥4) and 3 2Σ− 
(v′≥2) is much faster than found for lower vibrational levels in the Rydberg 
states.  The theory paper,20 however, does not indicate an abrupt decrease in 
lifetimes for higher vibrational levels. This suggests that additional 
perturbations from one or more higher lying states may be responsible for the 
lack of observable transitions to the D 2Σ−(v′≥4) and 3 2Σ−(v′≥2) levels.  The 
perturbing state(s) would need to cross the Rydberg states about 10000 cm-1 
above the vibrationless level of the D 2Σ− state (see Fig. 3.7) to account for the 
lack of observable transitions to these higher vibrational levels. 
          Ionization cross sections for the OH D 2Σ− and 3 2Σ− Rydberg states in the 
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4.8 – 5.6 eV photon energy range have been estimated theoretically by Stephens 
and McKoy.50  Around 5.5 eV, the D 2Σ−(v′=0) ionization cross section is 
estimated to be σioniz ~ 5 x 10-19 cm2.  This same value has been measured by 
Bamford et al.46 for the photoionization of O(3P) atoms at 226 nm (5.5 eV).  
There have been no  experimental  measurements of  σioniz  for the OH D 2Σ− or 
3 2Σ− states, although we suspect the value may be lower than the theoretical 
estimate based on the study of McRaven et al.15 They found it necessary to 
tightly focus their 320 nm (3.9 eV) ionization laser to efficiently ionize the D 
2Σ−(v′=0) state, which would suggest a smaller σioniz than that for O(3P) atoms. 
          Finally, it should be noted that the observation of many transitions from 
OH X 2Π(v″=1-3) suggests a much higher vibrational temperature than the  
1700 K used to simulate the earlier photodissociation results.23  The discharge 
conditions were adjusted over the course of the measurements to optimize 
signals for these hot band transitions, and thus we do not attempt to estimate a 
vibrational distribution based on the observed REMPI transitions.  No attempt 
was made to search for REMPI transitions originating from OH X 2Π(v″=4-6), 
which were found to contribute to the photodissociation results.  This could be 
examined in future work. It should be emphasized that the rotational distribution 
from the discharge source used in REMPI and photodissociation studies was 
quite cold (see Fig. 3.3). 
 
 
3.5. CONCLUSIONS 
 
Two-photon transitions to the D 2Σ− and 3 2Σ− Rydberg states of the OH radical 
have been characterized using (2+1) REMPI spectroscopy.  The OH radicals are 
produced in a pulsed discharge source that yields rotationally cold, yet 
vibrationally hot radicals, which are then state-selected and focused using a 
hexapole field.  Simplified spectra consisting of predominately Q1(1) and S1(1) 
lines are observed originating from the selected |MJ|=3/2 component of the 
upper Λ-doublet level of the lowest rotational state (J=3/2) for both ground 
(v″=0) and excited (v″=1-3) vibrational levels of the OH X 2Π3/2 state.  
Transitions are observed to the D 2Σ−(v′=0-3) and 3 2Σ−(v′=0, 1) vibronic levels, 
thereby extending previous studies to higher vibrational levels in each of the 
Rydberg states.  Yet higher vibronic levels are not observed, presumably due to 
an additional perturbing state that has not been identified.  Spectroscopic 
parameters derived in this work are generally in accord with prior studies of the 
lower vibronic levels. 
          The spectroscopic observables are used to calibrate new ab initio 
potentials for the Rydberg states, as described in the accompanying paper, 
which are then used for detailed calculations of the properties of the D 2Σ− and  
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3 2Σ− states.20  The experimentally observed transitions from a given X 2Π(v″) 
level to a specific vibronic level in the Rydberg states show a good correlation 
with the calculated two-photon absorption cross sections.20  The short 
predissociation lifetimes computed for the D 2Σ−(v′) and 3 2Σ−(v′) Rydberg 
states,20 however, indicate an efficient loss mechanism that could compete 
effectively with ionization when using nanosecond lasers.  This suggests that 
picosecond lasers may be more effective in photoionization detection of the OH 
radical. 
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Chapter 4 
 
 
4  Photodissociation of the OD Radical at 226 and 
243 nm  
 
 
 
 
 
 
ABSTRACT 
 
 
 
The photodissociation dynamics of state selected OD radicals has been examined at 243 
and 226 nm using velocity map imaging to probe the angle-speed distributions of the 
D(2S) and O(3P2) products.  Both experiment and complementary first principle 
calculations demonstrate that photodissociation occurs by promotion of OD from high 
vibrational levels of the ground X 2Π state to the repulsive 12Σ− state. 
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4.1.  INTRODUCTION 
 
Experimental methods for studying molecular photodissociation under collision-
free conditions were introduced almost forty years ago.1  Despite its importance 
in atmospheric and astrochemical processes,2 no such studies have been reported 
for the hydroxyl radical. OH is experimentally challenging because all of the 
electronic transitions originating from X 2Π(v″=0) lie in the vacuum ultraviolet 
region of the spectrum, except the well-known A-X transition used for laser 
induced fluorescence (LIF) detection. Furthermore, most sources of OH radicals 
also co-produce large amounts of O(3P) and H(2D) atoms, which can overwhelm 
the photo-product signals. In this Communication, we report a photodissociation 
study of state-selected OD under collision-free conditions.  Using a hexapole 
state selector and the velocity map imaging technique,3,4 we measure angle-
speed distributions for the O(3P2) atom product following photodissociation at 
226 nm and the D(n=1, 2S) product for photodissociation at 243 nm.  New, fully 
ab-initio calculations of the lower electronically excited states of OD were 
performed to yield accurate wavefunctions and internuclear dependent transition 
dipole functions for the states involved.  These are used to explain the observed 
dissociation dynamics. 
 
 
4.2.  EXPERIMENT  
 
OD is produced by an electric discharge in a D2O/Ar mixture expanded through 
a pulsed valve.5  The molecular beam passes through a skimmer followed by a 
12 cm long hexapole electrostatic lens which focuses OD in the X 2Π3/2 J = 3/2, f 
lambda doublet level.3  The enlargement of the distance between the source and 
photodissociation area by the insertion of the state selector decreases the 
contributions from all other species in the discharge beam, while the hexapole 
increases the concentration of the state-selected component by a factor of ~8 at 
the crossing point with the photodissociation laser.  Using both laser induced 
fluorescence and REMPI detection techniques,6,7 the only species in the beam 
that was found to focus with the hexapole was OD.  A corresponding increase in 
signal for the photodissociation processes with the hexapole on is thus direct 
proof that the photodissociation signal arises from OD. 
          At about 5 cm from the end of the hexapole both photodissociation of OD 
and photoionization of the atomic fragments is induced by pulsed radiation 
from a frequency-doubled dye laser with a pulse energy of ~1.5 mJ.  The 
laser wavelength is chosen for two-photon resonant three-photon 
ionization of either O(3P2) atom products at 226 nm or D(2S) atom products at 
243 nm.  We will report comprehensive studies of O(3P2,1,0) detection from OD 
and OH at 226 nm in a later article.  There are no known one- or two-photon 
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transitions of OD or D2O at these atomic REMPI wavelengths.  The O+ or D+ 
atoms produced by the REMPI process are velocity mapped onto the two-
dimensional imaging detector using an electrostatic inversion lens.  A CCD 
camera records the 2-D image, which is presented as a slice through the 
reconstructed 3-D image using an inverse Abel transformation.4 
 
 
4.3.  RESULTS AND ANALYSIS 
 
Raw D+ and O+ images (hexapole ON – hexapole OFF) are presented in Fig. 
4.1.  Both images show a strong peak in the middle of the image, which 
corresponds to zero-velocity fragment O(3P2) or D(2S) atoms formed in the 
discharge source.  These atoms are not fully eliminated by the hexapole on-off 
subtraction scheme and cause a slight overload of the CCD camera at the image 
center.  Signals at larger distances from the image center arise from atoms with 
increasingly higher photofragment velocities.  The images are calibrated by 
O(3P2) from O2 photodissociation at 226 nm and by D(2S) from DI 
photodissociation at 243 nm.  Two rings appear in the O+ image corresponding 
to O(3P2) atoms with velocity of 1670 and 1755 m/s with an uncertainty of ± 25 
m/s.  Converting these O atom velocities to total kinetic energy release [TKER 
= (mOD/mD) x KERO] yields values of 2.08 and 2.30 ± 0.06 eV. For D+, at least 
three rings are seen, corresponding to D atom velocities of 11800, 12800, and 
13800 m/s and TKER values of 1.62, 1.91, and 2.21 ± 0.06 eV, respectively.  
The TKER curves obtained from integrating over the angular distribution of the 
images are shown in Fig. 4.2.  The widths of the peaks in the TKER curves are 
determined by electron recoil from the (2+1) REMPI process, as will be 
discussed in the Chapter 5. 
          All of the observed angular distributions for D and O atom signals peak in 
the horizontal plane, indicating a perpendicular transition 
( 2Σ+,− ← 2Π or  2∆ ← 2Π) to a rapidly dissociating state.  For the stronger rings 
in the D atom image a fully perpendicular angular distribution is measured 
(sin2θ, β = -1.0 ±0.2).  A quantitative discussion of the angular distributions 
including the effects of O atom angular momentum alignment will be given in 
in the Chapter 5.  
          The observed peaks in the TKER distributions can only be assigned to 
one-photon dissociation of OD in high vibrational levels of the ground 2Π 
electronic state. Using the energy balance equation TKER = hν + E(vib)OD – D0, 
with OD vibrational energies E(vib)OD and bond energy D0 from Refs. 8 and 9, 
the two main peaks seen for O atom detection at 226 nm are attributed to 
photodissociation of OD in v″ = 3 and v″ = 4, as marked in Fig. 4.2.  For D  
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Figure 4.1:  Velocity map images of (a) O+ and (b) D+ ions detected following photodissociation 
of OD and subsequent 2+1 ionization of the atomic products at 226 and 243 nm, respectively, 
with inserts showing the velocity scale.  Darker areas correspond to more signal, as coded by the 
gray-scale bar on the left side of the figure.  The central spots originate from zero-velocity O(3P2) 
or D(2S) atoms produced in the discharge source.  The outer rings arise from photodissociation of 
vibrationally excited OD X 2Π radicals.  The arrow at the right indicates the direction of the laser 
polarization. 
 
atom detection at 243 nm, the three main peaks correspond to dissociation of 
OD(v″= 3, 4, and 5). 
          First principle calculations also demonstrate that the photodissociation 
processes at 226 and 243 nm occur by one-photon excitation of OD X 2Π(v″) to 
the repulsive 12Σ− state.  For these calculations, ab initio potentials for the X 2Π 
and 12Σ−  states are computed at the MRCI level of theory with the MOLPRO 
package.10-12  The aug-cc-pV6Z basis set13 is used and the molecular orbitals are 
obtained from a CASSCF calculation14,15 in which the lowest σ orbital is kept 
doubly occupied.  The active space consists of four σ, two πx, and two πy 
orbitals.  A grid of 30 points from 1 to 16 a0 is employed.  The quality of 
the X 2Π potential was evaluated by computing the lowest seven vibrational 
energy levels using the sinc-function discrete variable representation method,16 
and the energy spacings were found to agree with experiment to within 0.1%.  
The R-dependent transition dipole moment between the two states was also 
calculated at the MRCI level with orbitals from a state-averaged CASSCF 
calculation.  The photodissociation cross sections for OD at 226 and 243 nm 
were then evaluated using17 
( ) ( )
2
2 2
0
  = v ( ) 1 ,x xE X R Ec
πω
σ µ
ε
− −Π Σ                                            (4.1)  
where ħω is the photon energy and 21 , E− −Σ  is the continuum wavefunction 
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Figure 4.2:  Total kinetic energy release (TKER) derived from velocity map images of O(3P2) and 
D(2S) fragment atoms following photodissociation of OD at 226 and 243 nm, respectively.  The 
initial vibrational state of OD is determined from energy balance with TKER = hν + E(vib)OD – 
D0.  The bar graphs show the calculated photodissociation yields for OD X 
2Π(v″) at a vibrational 
temperature of 1700K. 
 
at total energy E with photodissociation boundary conditions,18 which were 
obtained using the renormalized Numerov method.17 
          Figure 4.3 illustrates the process of photodissociation from the OD X 
2Π(v″=5) state based on the calculated potentials, transition dipole function, and 
wavefunctions.  As seen in the figure, when using 243 nm light OD(v″=5) can 
be excited to the 12Σ- repulsive curve leading to the first dissociation limit, but 
poor overlap of the bound and continuum wavefunctions prevents absorption 
from OD(v″=5) at 226 nm.  More quantitatively, the calculations show that the 
OD X 2Π(v″=5) photodissociation cross section is ∼30 times larger at 243 nm 
than at 226 nm.  This same effect is found experimentally, where a peak 
corresponding to v″=5 is observed in the TKER curve for D atoms at 243 nm in  
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Figure 4.3:  Photodissociation of OD X 2Π(v″=5) at 226 and 243 nm via the repulsive 12Σ- curve 
depicted with ab initio potentials, bound state and continuum wavefunctions, and transition dipole 
moment function (arbitrary units).  The photodissociation cross section is large at 243 nm, but 
poor overlap of the wavefunctions when starting from v″=5 results in minimal products at 226 nm, 
as seen experimentally. 
 
Fig. 4.2, while this peak is not detectable above the background in the O atom 
detection curve at 226 nm. 
          The relative intensity of the peaks in the TKER curves of Fig. 4.2 can be 
qualitatively understood based on the photodissociation cross sections computed 
for various vibrational states.  The calculations predict that at a vibrational 
temperature of ~1700 K the v″ = 3 and 4 states (and v″=2 to a lesser extent) 
result in the largest photodissociation yield at 226 nm, while a distribution of 
states about v″ = 4 (primarily v″ = 3, 4, and 5) contribute to the yield at 243 nm.  
The predicted yields are shown in the bar graphs of Fig. 4.2.  A Boltzmann 
population distribution in the vibrational states is assumed, and the temperature 
is adjusted to approximate the experimental TKER distributions.  Note that such 
a temperature distribution is probably too simple for the description of the 
complicated excitation and cooling mechanisms in the pulsed discharge source.  
The quality of the experimental data is limited by problems in background 
subtraction and does not allow the extraction of a more accurate population 
distribution.  A Boltzmann distribution of 1700 K for OD yields a fractional 
population in v″ = 5, for example, of 3 x 10-5.  Independent measurement of the  
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v″ = 1 population in the molecular beam using laser induced fluorescence from 
the A-X transition yield a population of 4%, which agrees reasonably well with a 
1700 K distribution.  REMPI studies of OH via the 32Σ- Rydberg state also 
detect population in higher vibrational levels of the ground electronic state from 
this discharge source, as will be described in a future publication. 
 
 
4.4.  CONCLUSIONS 
 
In studies of other diatomic molecules, such as O2 under similar conditions,19 
two-photon dissociation is often found to be the dominant channel.  In this 
study, the laser intensity is suitable for two-photon resonant three-photon 
ionization of OH, O and H atoms.  It is thus striking that the dominant signal is 
due to one-photon dissociation of OD to the repulsive 12Σ- curve, starting from 
the very weakly populated higher vibrational levels of ground state OD.  No 
evidence for two-photon dissociation is observed.  While it is known that 
discharge beams produce vibrationally excited radicals,20 it is remarkable that 
the imaging experiment is able to detect signal from vibrational levels which 
contain such small fractions (as low as 10-5) of the population.  Neither one-
photon nor two-photon dissociation is detected from OD X 2Π(v″=0) at 243 or 
226 nm.  Stepwise two-photon dissociation via the repulsive 12Σ- curve, starting 
from vibrationally excited OD is also not observed.  The apparent weakness of 
two-photon excitation is most likely due to the transition dipole and unfavorable 
Franck-Condon overlap. 
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5  Photodissociation of Vibrationally Excited 
OH/OD Radicals  
 
 
 
 
 
 
ABSTRACT 
 
OH and OD radicals produced in a pulsed discharge supersonic beam, are state-selected 
and focused by a hexapole and then photo-dissociated by a single laser tuned to various 
H/D or O atom (2+1) resonance enhanced multiphoton ionization (REMPI) wavelengths 
between 243 nm and 200 nm.  The angle velocity distributions of the resulting O+ and 
D+ photofragment ions were recorded using velocity map imaging.  Photodissociation is 
shown to take place by one-photon excitation to the repulsive 1 2Σ- state.  An analysis in 
the high-energy recoil sudden limit using recent ab initio potential energy curves is 
presented.  O(3PJ) fine structure branching ratios and alignment information in the 
molecular and laboratory velocity frame of the imaging experiment is predicted. The 
experimental data shows that photodissociation of vibrationally excited OH /OD which 
are formed in the discharge takes place, and a vibrational temperature of ~2000 K was 
estimated for the beam source.  The measured and predicted branching ratios and 
alignment parameters agree well at all dissociation wavelengths, supporting the model 
for photodissociation in the sudden limit regime.  Experimental aspects of OH pre-
alignment and orientation, ion-recoil, and Doppler-free imaging are discussed. 
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5.1.  INTRODUCTION 
 
Due to its central role in the photochemistry of the Earth’s atmosphere, in 
combustion processes and in the interstellar medium, the structure and spectra 
of the highly reactive hydroxyl radical (OH) has been the subject of numerous 
theoretical and experimental investigations. A wealth of detailed theoretical 
predictions for the photodissociation dynamics of OH is available from studies 
using high-quality ab-initio calculations of the OH electronic structure. Potential 
energy (PE) curves for the electronic states of OH most relevant to this study are 
shown in Figure 5.1. Van Dishoeck and Dalgarno1 showed that direct photo-
dissociation via the repulsive 12Σ-, 2∆, and 2Π states in the VUV region is 
extremely strong compared to predissociation via the well-known A 2Σ+ state, 
which is  used  for  laser induced  fluorescence  detection of  OH. Yarkony2, and 
others3, have predicted the final product quantum state distributions for direct 
dissociation and pre-dissociation of OH, which in general follow the 
expectations for a ‘sudden limit’ diabatic process. Most recently, van der Loo 
and Groenenboom4 have reported refined PE curves for the X 2Π, A 2Σ+, 1 2Σ-  
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Figure 5.1: Potential energy diagram of the OH electronic states relevant for this study. On the 
left side of the figure are photodissociation cross section for excitation from the vibrational levels 
v” = 0, 2 and 3 of the ground (X 2Π) electronic state to the repulsive 12Σ- state of OH from 100 to 
350 nm. The vertical arrows represent one-photon dissociation at ~ 200 nm via the 1 2Σ- state from 
the vibrational levels v”=2 and 3 of the ground state of OH. The photodissociation cross section 
from v”=2 is larger than that from v”=3. 
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and several high-lying Rydberg states of OH, which we use in this study to 
explain the photodissociation dynamics of OH excited to the 12Σ- excited 
electronic state. 
          Despite its importance, detailed experimental studies of OH 
photodissociation under collision-free conditions have only recently been 
reported.5,6 Examination of the potential energy curves (Figure 5.1) for the 
optically accessible electronic states of OH, reveals why laboratory 
photodissociation studies are so challenging. All of the electronic transitions 
originating from the X 2Π(v”=0) ground electronic state lie in the vacuum 
ultraviolet (VUV) region of the spectrum, except the well known A-X transition 
used for laser induced fluorescence (LIF) detection. VUV photodissociation is 
the main destruction process of OH in diffuse clouds in the interstellar medium, 
where VUV radiation is intense.7,8  Besides the VUV problem, most sources of 
OH radicals also co-produce large amounts of O(3PJ) and H(2S) atoms, which 
can overwhelm the photo-product signals.   
          Using an electrostatic hexapole lens to concentrate and state-select the 
OH beam9 in combination with the velocity map imaging detection technique,10 
we have succeeded in observing direct photodissociation of state-selected 
OH/OD through the first repulsive 1 2Σ- state under collision-free conditions, 
with state-specific detection of the D and O atom products. In Chapter 4  we 
described photodissociation of OD radicals using imaging to probe the speed 
and angular distribution of the D(2S) products formed by photodissociation at 
243 nm, and the O(3P2) atom product of OH/OD photodissociation at 226 nm.5  
This Chapter describes extended studies of state-selected D(n=1,2S) atom 
detection from OD at 243 nm as well as at 205 nm, and also studies of the 
different fine structure states of the O(3P2, 1,0) atoms following photodissociation 
of OD and OH at 226 nm as well as at 200 nm. Doppler-free imaging of OD 
photodissociation with D atom detection at 243 nm and ion-recoil effects in 
OH/OD photodissociation imaging are also described.   We show from 
experiment and first principle calculations that our images are due to one-photon 
dissociation of vibrationally excited OH/OD molecules formed in our discharge 
source through the repulsive 1 
2
Σ
-
 state.  
          Zhang and coworkers6 studied pre-dissociation of rotationally state-
selected levels of OH in the A 2Σ+ state by detecting H atom products with a 
high resolution time-of-flight (TOF) method.  They were able to resolve the 
three O(3PJ) channels in the co-fragment H atom TOF signal, and confirm that 
predissociation via the A-state can be described using the sudden-limit.  While 
our imaging method has a lower velocity resolution, it can be used to detect 
both H and O atoms, and provides polarization information (MJ state 
populations) for the J-state specified O(3PJ)  atom products.  This O(3PJ)  
polarization data is an important indicator of the pathways for OH 
photodissociation.   
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5.2.  PHOTODISSOCIATION OF OH 
 
Ab initio potential energy curves for the ground and lower electronically excited 
states of OH (X 2Π, A 2Σ+, 1 2Σ-, 1 4Σ-, 1 4Π, 1 2∆, 2 2Π ) calculated by van der 
Loo and Groenenboom4 are presented in Figure 5.1. The OH X 2Π ground state 
and the 1 2Σ-, 1 4Π, and 1 4Σ- repulsive states correlate adiabatically with ground 
state product atoms O(3PJ) + H(n=1,2S), while the first excited bound state A 
2Σ+, and the repulsive states 1 2∆ and 2 2Π (with the small hump), correlate with 
the second dissociation limit (O(1D2) + H(n=1,2S)).  In the OH X 2Π ground state 
(Hund’s case b) the 2Π3/2 spin-orbit component is 123 cm-1 lower in energy than 
2Π1/2.11   
          The potential energy curves, position of ro-vibrational levels, transition 
dipole moments, etc., are very well determined for the OH X 2Π and A 2Σ+ 
electronic states.  From this knowledge we can state that the energies of the 
photons in this UV photodissociation experimental study are not resonant with 
any known A 2Σ+  X 2Π(v”) transition.  Van Dishoeck and Dalgarno1 have 
shown that the internuclear separation dependent A 2Σ+  X 2Π transition 
moment is in any case much smaller than the 12Σ-  X 2Π moment, and that  the 
calculated oscillator strength for the strongest band, A 2Σ+(v’=2)  X 2Π(v”=0), 
is very small (5x10-5) and decreases rapidly with increasing vibrational energy 
of the upper state. That means that the A 2Σ+ X 2Π channel is in most 
circumstances of no importance in the total photodissociation process. They also 
found that direct photodissociation via the 1 2Σ- state (which is repulsive at all 
distances) is dipole allowed and is the major destruction mode for OH in diffuse 
interstellar clouds and in comets.8  
          As the OH (1 2Σ-) state correlates adiabatically with the O(3P0) + H(2S) 
limit12, at low recoil energies these are the only products expected.  However, as 
seen in Figure 5.1, Franck-Condon overlap limits absorption from the lower 
vibrational states of the OH X state only to excited electronic states lying well 
above the first dissociation limit.   OH photodissociation is more likely a 
diabatic process due to this large excess energy.  In the diabatic picture, the 
electronic Hamiltonian (without spin-orbit coupling) is diagonalized and spin-
orbit interactions can cause coupling of the diabatic curves along the 
dissociation coordinate.  If the excess energy is much larger than the spin-orbit 
coupling (among the 1 2Σ-, 1 4Π, and 1 4Σ- repulsive states) there is insufficient 
time for the electronic and spin angular momentum to recouple at the large 
internuclear distance. Dissociation is then in the high-energy recoil or ‘sudden’ 
limit and takes place essentially on the optically prepared diabatic state. In this 
limit, the projection of the molecular wave function of the initial diabatic state 
onto the atomic basis states of the products determines the final product state 
distribution, and this distribution does not vary with the excitation energy.   The 
UV photodissociation of OH is considered to approach the sudden limit on the 
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diabatic 1 2Σ- curve.  
 
 
5.3. THEORETICAL ANALYSIS OF  12Σ-   X 2Π  OH   
PHOTODISSOCIATION 
 
Potential energy curves for the X 2Π and 1 2Σ- states, reported by van der Loo 
and Groenenboom4, are used in this section to predict the wavelength dependent 
photodissociation cross sections for OH X(v”= 0-5), and their contribution in the 
final O(3PJ) product distributions (as prescribed for sudden-limit dissociation) in 
the molecular body-fixed (j, ω) and laboratory (J, MJ) frame.  This analysis is 
used later in this chapter for interpretation and comparison with the experiment.   
 
 
5.3.1. Photodissociation cross sections 
 
Ab initio calculations of the OH/OD ground- and excited state potential energy 
surfaces and r-dependent dipole transition moments are described elsewhere.4 
Briefly, the potential energy curves and dipole transition moments are computed 
with MOLPRO13 at the internally contracted multireference configuration 
interaction level,14,15 with single and double excitations. Orbitals are obtained 
from complete active space self consistent field calculations,16,17 using an aug-
cc-pV6Z one-electron basis set. We use the sinc-DVR method18,19 to compute 
the nuclear vibrational wave functions and renormalized Numerov propagation 
to compute the nuclear dissociative wave functions. 
          The X 2Π(v”) vibrational quantum state dependent photodissociation cross 
section (Figure 5.1) σ in cm2s is given by: 
,)v(,1
)2(
)(
2
x
2
x
2
2
2
ΠΣ= −− XE
e
µ
αωπ
ωσ                                             (5.1) 
where α is the fine-structure constant, e the elementary charge, ω the frequency 
of the absorbed photon, E- the kinetic energy release, µx  the x-component of the 
electronic dipole operator, and v the vibrational level of the ground state.   
          Wavelength dependent photodissociation cross sections in cm2 are plotted 
in the left side of Fig. 5.1 for photodissociation beginning from the OH X (2П) 
v”= 0, 2, and 3 vibrational states. For the OH X (v”=0) state, our maximum 
value of 3.15 x10-18cm2  for the photodissociation cross section (at ~ 155 nm) 
agrees well with the value of 3.32 x10-18cm2 calculated by van Dishoeck and 
Dalgarno. An OH absorption cross section of ~ 2 x10-18cm2 at 155 nm was 
measured by Lee and Nee using synchrotron radiation.  For our UV 
photodissociation wavelengths around 200 nm, the v”=2 and v”=3 states show 
local maxima while essentially no photodissociation occurs when starting from 
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v”=0.   
 
 
5.3.2.  Molecular and Lab frame polarization of the O(3PJ) fragment  
 
In the sudden recoil limit, the probability Pj of finding the O(3Pj=0,1,2) atom in 
one of its rotational fine structure states is given by the projection 
ωω
ωωω
ρωω jjHH
j
Hj HH
HH
trSLjjP ;
2
  
 ∑∑ =ΣΛ= ,                                     (5.2)                       
where L = 1, Λ = 0, 
2
1
S =  and 
2
1
 ±=Σ  are the asymptotic molecular frame or 
body-fixed electronic angular momentum, electronic angular momentum 
projection, electronic spin, and electronic spin projection quantum number of 
the 1 2Σ- state, respectively. The quantum numbers j(H) and ω(H) indicate the total 
electronic angular momentum and angular momentum projection quantum 
number of the oxygen (hydrogen) fragments defined with respect to the 
interatomic axis.   We also define the atomic fragment density matrix 
ωωω ρρρ ω    ;     jjjj HHHH ⊗= . The matrix element is computed by: 
 
( ) )12)(12(1     ++−=ΣΛ ++ sjSLj j HssLHH ωω                              (5.3)                        
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kqSLkqj j        )1( ωω ,                      (5.4)   
                                                                                                        
where s(H) is the spin quantum number of the oxygen (hydrogen) fragment. 
 
          The angular distribution of a (simulated) oxygen ion image can be 
expanded in ordinary Legendre polynomials Pk: 
 
        ( ) ( ) ( ),cos 
0,2,4
θθ k
k
kj PjcI ∑
=
=                                                                  (5.5)                                                      
 
where the expansion coefficients ck for OH photodissociation in the sudden 
recoil limit are given by: 
 
   ( ) ( ) ( ) ( ) 
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5
1
2
2
00 jIjPjc j ρ                                                                  (5.6)     
                                                                         
Photodissociation of Vibrationally Excited OH/OD Radicals 
 
87 
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For a detailed derivation we refer to the paper by van Vroonhoven and 
Groenenboom.20 The 
( ) ( ) ( ) ( ) ( ) ( )jjj 0020
2
0 / ρρρ =  are the normalized irreducible 
components of the reduced density matrix for the oxygen fragment in the 
molecule-fixed frame, and: 
 
  ( ) ( ) ,tr0   1 ;H10 ωω
ω
ω
ρωωρ jj
j
j
k
HH
kjjPj −−=
−− ∑                              (5.9) 
 
where the trace is over all hydrogen atom quantum numbers. The I2(j) in Eqs. 
(6)-(8) are the relative absorption  intensities for the (2+1) REMPI oxygen 
detection scheme as defined by Mo et al.21, and computed by van Vroonhoven 
and Groenenboom.20  We have I2 (0) = 0, I2 (1) = 2 -1/2 , and I2 (2) = - 10/7 . 
The observed anisotropy parameter is given by20 obsjβ = c2(j) / c0(j) and the 
observed alignment parameter obsjγ  = c4(j)/c0(j). We also extract the ω 
distributions of the oxygen atom from the reduced density matrix. The results 
are summarized in Table 5.1.   
 
          For example, there are no projections possible of the 2Σ- electronic 
state (Ω= ½) onto a final state configuration of H(2S½) and O(3P2) (Ω= 5/2, 3/2).  
Inspection of Table 5.1 shows that the O3PJ(J=2:1:0) branching ratios are the 
same as a statistical 5:3:1 pattern, but the distribution of MJ states for a given J 
value is far from statistical.  Note that alignment (|MJ|  ≠ |M(J±1)| effects are not 
possible for a J=½ H/D(2S) atom. As required for a J=0 state, the O(3P0) channel 
has no orientation (M+J  ≠ M-J) or alignment and yields the expected β = -1 for a 
Σ Π excitation, while J=1 and 2 show β>-1 and significant (negative) γ 
values.    
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ω  
j Pj 
0 1 2 
.calc
jβ  
.calc
jγ  
0 1/9 1/9   -1 0 
1 1/3 0 1/6  -5/7 -2/7 
2 5/9 2/9 1/6 0 -25/43 -18/43 
 
Table 5.1: Predicted oxygen branching ratios and MJ distributions, fragment anisotropy (
obs
jβ ) 
and alignment ( obsjγ ) parameters for OH 1 2Σ-  X 2Π direct dissociation, computed in the 
diabatic (sudden recoil) limit for different rotational states (j) of the oxygen fragment.   
 
 
5.4. EXPERIMENTAL METHOD 
 
Our velocity map imaging apparatus has been described in detail in Chapters 3 
and 4 of this thesis [Ref. 5 and 22] thus only a summary of the experimental 
details concerning the molecular beam and hexapole state selector will be given 
here. Two differentially pumped vacuum chambers are used: one chamber for 
the production of OH/OD molecules and the other chamber for the state 
selection of OH/OD, the photodissociation, and the detection of one of the 
fragments from OH/OD.  The source chamber is pumped by a diffusion pump 
and the detection chamber is differentially pumped by a turbo pump with 
additional pumping by a liquid N2-cold trap.  The OH/OD beam is produced 
from a mixture of H2O/D2O molecules seeded in Ar as the carrier gas. The 
mixture is prepared by bubbling Ar at a backing pressure of 1.5 bar through 
liquid water at room temperature (vapor pressure of 24 mbar). For the expansion 
a Jordan pulsed valve with a 0.4 mm diameter nozzle is used, which is mounted 
along the direction of the time of flight tube. The OH/OD radicals are produced 
by dissociation of H2O/D2O at the beginning of the expansion by an electrical 
discharge between a stainless steel ring (4 mm diameter, 0.5 mm thick) and the 
grounded valve body.23 The ring, which is located on-axis 2.5 mm from the 
nozzle, is pulsed (20 µsec, 2 kV) to a negative high voltage during the ~60 µsec 
expansion.  
          After their production, the electrically neutral OH/OD molecules cool 
down to the ground rotational and vibrational state in the supersonic expansion 
and pass through a 1 mm diameter skimmer which separates the source and 
detection chambers. The skimmer is positioned 15 mm from the nozzle. The 
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cold molecular beam enters a 120 mm long hexapole state selector 50 mm 
downstream of the nozzle, which focuses OH/OD in the Ω=3/2,  J=3/2, |MJ| = 
3/2, 1/2 states in the upper Λ-doublet of f-symmetry to the laser interaction 
region between the repeller plate and the extractor plate of the electrostatic lens.  
The hexapole is constructed with 3 mm cylindrical rods and has an inner 
diameter of 6 mm. The distance from the entrance of the hexapole to the valve 
and the distance from the exit of the hexapole to the collision center is 50 mm. 
The total distance between the valve and the collision zone is 220 mm. The 
enlargement of the distance between the source and photodissociation area by 
the insertion of the state selector decreases the contributions from all other 
species in the discharged beam, while the hexapole increases the concentration 
of the state-selected component by a factor of ~8 at the crossing point with the 
photodissociation laser.  
          Using both laser induced fluorescence (LIF) and resonance enhanced 
multiphoton ionization (REMPI) detection techniques,24,25  the only species in 
the beam that was found to focus with the hexapole was OH/OD. A 
corresponding increase in signal for the photodissociation processes with the 
hexapole on is thus a direct proof that the photodissociation signal arises from 
OH/OD.  The UV laser beam is focused perpendicular to the TOF axis onto the 
molecular beam with a 200 mm focal length lens, and has its electric field 
polarization direction lying parallel to the detector face. In our experiments only 
one laser is used, both for dissociation of the OH/OD and detection of one of the 
fragments O(3P2,1,0) from OH, O(3P2,1,0) from OD  or D(2S) from OD. There was 
too much apparatus background to detect H from OH. The laser wavelength is 
chosen for two-photon resonant three-photon ionization [(2+1) REMPI] of 
either the O(3P2,1,0) atom products at ~ 226 nm and ~ 200 nm26 or the D(2S) atom  
products at ~243 nm and ~205 nm. A description of the relative sensitivity of 
O(3p 3PJ) and O(4p 3PJ) detection will be given separately.27 We find that the 
relative sensitivity for all three O(3PJ) states at ~200 nm is similar and that the 
overall sensitivity is a factor of ~ 7 lower than at ~226 nm for identical 
conditions. 
          UV laser light of ~2 mJ/pulse was generated by frequency doubling the 
output of a dye laser (Continuum TDL60) for ~226nm (Coumarin 47 dye) and 
~243 nm (Coumarin 102 dye).   In the 200-205 nm region ~1 mJ/pulse was 
generated by frequency tripling the output of a dye laser (Spectra Physics 
Quanta Ray PDL-2) operating with a mixture of Sulforhodamine B and 
Rhodamine 640.  Ions created in the laser-molecular beam intersection area are 
extracted and accelerated rapidly into the time-of-flight region by an 
electrostatic velocity mapping lens consisting of a 100 mm diameter repeller, 
extractor, and  ground  plates  separated  by 15 mm. The repeller electrode has a  
4 mm center opening and the other two lenses have openings of 20 mm. At the 
end of the TOF tube the ions strike a position sensitive detector, which consists 
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of two microchannel plates (MCP) followed by a P-20 phosphor screen. Mass 
selectivity was achieved by pulsing on the gain of the detector as the D+ or O+ 
ions arrive. The 2-D images on the phosphor screen are recorded with a CCD 
camera and stored in a PC where further data analysis is performed. 
 
 
5.5. EXPERIMENTAL RESULTS AND ANALYSIS     
                                                     
5.5.1.  General description of the images 
 
A set of raw photofragment images of the O(3PJ) photofragments from the 
photo-dissociation of OH and OD and D(2S) photofragments from the 
photodissociation of OD are shown in Figure 5.2. These images are 2D 
projections of the 3D velocity distributions with the polarization vector of the 
photodissociation laser beam maintained parallel to the detector face and thus 
along the vertical axis of the figure. All of the images show a strong spot in the 
middle of the image which corresponds to O(3Pj) or D(2S) atoms formed in the 
discharge and cooled in the expansion.  
          State-selective detection of O(2p4  3PJ) is achieved either by two-photon 
resonant, one-photon ionization ((2+1) REMPI) through the O(2p33p1, 3PJ) 
states using the vacuum wavelengths of 225.654, 226.059 and 226.233 nm for J 
= 2, 1, 0, respectively or by (2+1) REMPI through the O(2p34p1, 3PJ) states 
using the vacuum wavelengths of 200.640, 200.959 and 201.097 nm for J=2, 1, 
0, respectively.   State-selective detection of D(1s 2S) is achieved either by (2+1) 
REMPI through the D(2s 2S) state using the vacuum wavelengths 243.09 nm or 
by (2+1) REMPI through the D(3s 2S) states using 205.07 nm. 
          The images shown in Figure 5.2 are calibrated using O(3P2) from the 
photodissociation of O2 at ~226 nm and by D(2S) from DI photodissociation at 
~243 nm. The radius of the ring is proportional to the velocity of the products, 
so after calibration at one radius the kinetic energy release corresponding to all 
other rings is determined. At least 2 rings are seen in each image in Figure 5.2, 
each with a perpendicular (~sin2 θ, with θ = 0º defined at the top center axis of 
the image) angular distribution. An overview of the velocity information 
extracted for each observed ring is presented in Table 5.2.  As required from 
momentum balance, the O images from OD photodissociation are larger (in the 
proper ratio) than those from OH photodissociation at the same energy, which is 
an additional proof that the images originate from OH/OD.  
          Raw (hexapole on-off) O(3PJ)+ images produced by photodissociation of 
OH and OD at ~226 nm are presented in Fig. 5.2 (a) and (b), respectively, and a 
raw D(2S) + image (hexapole on-hexapole off) produced by photodissociation of 
OD at ~243 nm is presented in Fig. 5.2 (c). All of these images are summations 
of 50000 laser shots.  The signal at the center of these images is not fully 
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a) b)OH OD
c)
OD
2
1
0
O(3P2,1,0) at ~226 nm
D(2S) at ~243 nm c')
OD
a') b')OH OD
2
1
0
D(2S) at ~205 nm
O(3P2,1,0) at ~200 nm
 
Figure 5.2: Raw O+ images produced by one-photon photodissociation of: (a) OH and (b) OD.  
The O(2p 3PJ) (J=2,1,0) atoms were ionized by (2+1) REMPI through the O(3p 
3PJ) states (images 
a) and b)) at ~226 nm, and by (2+1) REMPI through the O(4p 3PJ) states (images a’) and b’)) at 
~200 nm.  Raw images of D+ from the one photon dissociation of OD formed from D(1s 2S) atoms 
by (2+1) REMPI through the: (c) D(2s 2S) state at the wavelength 243.09 nm and  (c’) D(3s 2S) 
states at 205.07 nm. A grayscale bar (left side) shows the relative signal intensity, where the 
darker areas correspond to more signal. The dot in the center of each image corresponds to zero-
velocity fragment O(3Pj) or D(
2S) atoms formed in the discharge source. The outer rings originate 
from photodissociation of vibrationally excited OH/OD X 2Π radicals. The vertical arrow (↕) 
indicates the direction of the laser polarization. 
 
eliminated by the hexapole on-off subtraction scheme, causing a slight overload 
of the CCD camera at this position. Raw O(3PJ) images for  photodissociation of 
OH and OD at ~200 nm which are taken using event counting and only with the 
hexapole ‘on’ are shown in Fig. 5.2 (a’) and (b’), respectively.  In Fig. 5.2 (c’) a 
raw D(2S) + image (hexapole ‘on’) produced by photodissociation of OD at 
~205 nm is presented. The O+ images from OH are summations of 90 000 laser 
shots, and the O+ and D+ images from OD are summations of 230 000 laser 
shots. 
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Parent Frag. λdiss 
(nm) 
Assign. TKER (eV) 
vcalc. 
(m/s) 
vmeas. 
(m/s) 
∆v 
(m/s) 
Calc. 
spacing 
(m/s) 
vrecoil 
(m/s) 
v”=2 2.02 1173 1200 
OH O(3PJ) 226 
v”=3 2.39 1290 1300 
20 117 35 
v”=3 2.08 1622 1670 
OD O(3PJ) 226 
v”=4 2.32 1740 1765 
35 118 35 
v”=1 2.23 1252 1250 
v”=2 2.60 1367 1345 OH O(3PJ) 200 
v”=3 3.08 1465 1475 
20 115 98 45 
v”=2 2.34 1774 1770 
v”=3 2.64 1883 1870 OD O(3PJ) 200 
v”=4 2.98 1986 1995 
20 109 103 45 
v”=2 1.33 10420 10680 
v”=3 1.56 11605 11555 OD D(2S) 243 
v”=4 1.80 12650 12430 
220 1185 1040 212 
v”=1 1.80 12745 12425 
v”=2 2.16 13765 13610 OD D(2S) 205 
v”=3 2.44 14685 14470 
230 920 835 347 
 
Table 5.2. Experimentally observed and calculated fragment recoil velocity, velocity uncertainty, 
kinetic energy and ion-recoil velocity for photodissociation of OH and OD at 243, 226, 205, and 
200 nm.   
 
          We also attempted detection of O(1D2) products from the dissociation of 
OD using (2+1) REMPI via the 1P1 state at 205.473 nm (vac.). While a small 
signal from O(1D) produced in the discharge was observed, we did not observe 
any O(1D) signal from the photodissociation of OD.  It is energetically possible 
to reach the O(1D) + H/D(2S) dissociation limit when using 200 nm 
photodissociation from vibrational levels v”>0 of OH/OD (Figure 5.1).   
Analysis of the ab-initio potential energy curves shows, however, that Franck-
Condon overlap becomes reasonable only starting from OH(v”=7), which is not 
populated in our beam, as discussed in a following section.   Experimentally, we 
did not observe any O(1D) signal from OH or OD and can state that O(1D) 
atoms are not observable under the same experimental conditions where the 
O(3P) product is seen.  
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5.5.2. O(3PJ) branching ratios 
 
Experimental branching ratio for the channels [O(3P2)+H(2S)]:[O(3P1) + H(2S)]: 
[O(3P0) + H(2S)] of OH and [O(3P2) + D(2S)]: [O(3P1) + D(2S)]: [O(3P0)+ D(2S)] 
of OD at ~ 226 and ~200 nm are given in Table 5.3.  The total OH 
photodissociation signal strength was determined for each raw image at constant 
laser pulse energy.  For these one-laser experiments, the dissociation and 
detection laser polarization are the same, and set parallel to the imaging detector 
plane.  No corrections were made for the effects of the fixed (linear) laser 
polarization on the total detection sensitivity.  A simulation of the experiment 
using the sudden-limit values from section 5.3 predicts a <5% deviation 
between a polarized and non-polarized detection laser, which is less than our 
experimental uncertainty. 
 
 
 
 
 
 
 
 
Table 5.3. Experimentally observed J=2,1,0 branching ratios (uncertainty 0.05) O(3PJ) for 
photodissociation of OH and OD at 226 and 200 nm 
 
 
5.5.3. Velocity and Kinetic Energy Analysis and Assignment of the images 
 
Velocity and kinetic energy data is presented in Table 5.2.  The two main rings 
seen in the O(3PJ) images ( Fig.5.2 (a)) arising from photodissociation of OH at 
~226 nm, for example, have a velocity of 1200 and 1300 m/s, respectively, with 
an uncertainty of +/-20 m/s. Converting these velocities to total kinetic energy 
release [TKER = (mOH / mH) x KERO (= ½ mOvO2)] yields values of 2.02 and 
2.39 +/-0.06 eV, respectively.   TKER for O atoms from OD photodissociation 
= (mOD / mD) x KERO and for D atoms from OD TKER =  (mOD / mO)KERD. 
          Kinetic energy distributions were obtained from the inversion of raw 
images using the BASEX program,28 which assumes cylindrical symmetry 
about the dissociation laser polarization in the experiment.  Possible deviations 
from cylindrical symmetry due to the state-selection of the molecular beam are 
discussed in a following section.  The effects of product atom alignment are 
accounted for in the theoretical analysis of section 5.3.  Vertical sections 
through the 3D distribution of two representative inverted images of O(3P2) and  
Branching ratio  
J=2 J=1 J=0 
OH 0.59 0.30 0.11 ~226 nm 
OD 0.51 0.35 0.14 
OH 0.55 0.33 0.13 ~200 nm 
OD 0.49 0.35 0.16 
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D(2S) from the photodissociation of OD at 200 and 205 nm, respectively are 
shown in Fig. 5.3 (a) and (b).    
          The corresponding kinetic energy distribution from these reconstructed 
images, extracted by integrating over all angles, is shown in Fig. 5.4.   
          The reconstructed images from O(3P2) REMPI at ~226 and ~200 nm 
arising from the photodissociation of OH are shown in Fig. 5.5, and the 
corresponding TKER curves obtained from integrating over the angular 
distribution of the inverted images are shown in Fig. 5.6. A beam vibrational 
temperature is estimated from the relative peaks heights in the kinetic energy 
distributions. 
          Each peak in the kinetic energy distribution can be assigned using the 
energy balance equation TKER = hν + E(vib)OH/D – D0(OH/OD), with the bond 
energy of OH/OD, D0(OH/OD), from Ref.29,30,31 and the recently calculated 
vibrational energies for the ground X 2Π state of OH/OD, E(vib)OH/D, from Loo 
and Groenenboom.  Complementary first principle calculations (Fig. 5.1) 
confirm that one-photon excitation of OH/OD X 2Π(v”) to the repulsive 12Σ- 
curve has reasonably strong (σmax>10-20 cm2), wavelength-dependent 
photodissociation cross sections in the 200-250 nm region.  The two main rings 
seen for O (3PJ) atom detection at 226 nm in Fig. 5.2 (a), for example, attributed 
in Table 5.2 to photodissociation of OH in vibrational levels v” =2, and 3, have 
photodissociation cross sections of ~6.45x10-20 cm2 and ~3.22x10-19 cm2, 
respectively. Depending on the dissociation/detection wavelength and the 
molecule (OH or OD), excitation of the OH X(v”) v”=1-4 states are observed.  
We should point out that the vibrational energy of OH(v”=3) is 10199.39 cm-1,  
which for a molecular beam temperature of ~2000 K (see next section) has a 
population probability of only 2x10-5.   
 
 
5.5.4. Temperature of the discharge beam 
 
The relative intensity of the peaks observed in the TKER curves of Fig. 5.4 and 
5.6 can be qualitatively understood using the photodissociation cross sections 
computed for each OH X(v”) vibrational state (Fig. 5.1). The relative peak 
heights determined from the O (3P2) and D (2S) fragment atoms images for the 
higher energy regime, ~200 and ~ 205 nm, respectively, were found to agree 
with calculated photodissociation yields for an OD molecular beam with a 
vibrational temperature of 2000 K.  While in our previous study,5 a vibrational 
temperature of ~ 1700 K was estimated, a vibrational temperature of 2000 K 
agrees with the present, more extensive, experimental data.   The effect of an 
electric discharge on the vibrational excitation, relaxation, and energy transfer 
of diatomic molecules in pulsed supersonic beams has been the subject of 
several previous studies.32,33,34,35  The final vibrational temperature of a pulsed  
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a) b)
 
Figure 5.3: Abel inverted images of: (a) O(3P2), (b) D(
2S) formed from the one photon 
dissociation of vibrationally excited OD X 2Π radicals at ~200 and ~205 nm, respectively.On the 
left side a intensity grey-scale is presented. On the right side the vertical arrow (↕) presenting the 
laser polarization. The O(3P) image is smaller than the D image, it has been scaled to the same 
size for comparison. Note that the weak extra rings in the O(3P) images for OD come from an OH 
impurity. 
 
0 1 2 3 4 5
0
5
10
 
 
 
In
te
n
s
it
y
TKER (eV)
D(
2
S) at 205 nm 
from OD
 
0
10
0 1 2 3 4 5
In
te
n
s
it
y
 
O(
3
P
2
) at 200 nm 
from OD
 
 
v”= 0 1 2 3 4 5 6 7
v”= 0 1 2 3 4 5 6 7
a)
b)
 
Figure 5.4: Total kinetic energy release (TKER) distribution for the images shown in 
Figure5.3.The initial vibrational state of OD is determined from energy balance with TKER = hν 
+ E(vib)OD – D0(OD). The bar graphs show the calculated photodissociation yields for OD X 
2Π 
(v”) at a vibrational temperature of 2000 K. 
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a) b)
 
Figure 5.5: Abel inverted images of O(3P2) formed from the one photon dissociation of 
vibrationally excited OH X 2Π radicals at: (a) ~ 226 and (b) ~200 nm, respectively ( rescaled to 
same size). (On the left side an intensity-scale is presented. On the right side the vertical arrow (↕) 
represents the laser polarization direction). 
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Figure 5.6: Total kinetic energy release (TKER) distribution for the images shown in Figure 5.5. 
The initial vibrational state of OH is determined from energy balance with TKER = hν + E(vib)OH 
– D0(OH). The bar graphs show the calculated photodissociation yields for OH X 
2Π(v”) at a 
vibrational temperature of 2000 K. 
Photodissociation of Vibrationally Excited OH/OD Radicals 
 
97 
discharge has been found to depend on a large number of experimental 
parameters, including backing pressure, buffer gas, discharge condition and 
geometry of the nozzle. Our experimental value compares reasonably with other 
studies of discharge sources. A discharge of NO in He produced an NO 
vibrational temperature of 6500 K, for example,34 while a similar discharge35 in 
OCS produced an SO vibrational temperature of ~1000 K. 
          At a vibrational temperature of 2000K, the v”=1-3 states of OH contains 
only 5, 0.3, and 0.002% of the total population.  The sensitivity of the imaging 
experiment is thus quite high in order to image the neutral photodissociation 
products from such small fractions of the population.  In a previous 2+1 REMPI 
study22 of OH we were able to detect transitions from vibrational excited states 
(v”=1,2,3) to the higher lying D 2Σ− and 3 2Σ− Rydberg state. We did not 
observe any (2+1) REMPI transitions from vibrational levels higher than v”=3.  
Our REMPI spectra22 also confirmed that the OH radicals produced in the 
discharge source are indeed vibrationally hot, but rotationally quite cold (<20K). 
The population in the excited rotational states is effectively relaxed in 
supersonic expansion due to the relatively small rotational spacing but the 
vibrational spacing is too large to allow an efficient relaxation. 
 
 
5.5.5.  Ion recoil effects 
 
Photodissociation of a state-selected diatomic molecule should lead to 
extremely sharp peaks in the kinetic energy curves, while the observed peaks are 
quite broad.  In our previous study5 we pointed out that the velocity resolution is 
limited by ion recoil36,37,38  from the (2+1) REMPI detection process.  The large 
excess ionization energy (3hν-IP) is partitioned by momentum conservation to 
create a high velocity electron and low, but non-zero, velocity fragment ion.  
This effect is even more important for combined photodissociation and 
ionization detection using higher energy ~200 and ~205 nm photons.  On 
conversion of the neutral fragments to ions, the ion recoil, a fixed and known 
velocity sphere, is added to the original velocity vector of the neutral O(3PJ) and 
D(2S) photofragments.  While the added ion-recoil velocity is relatively small, it 
causes significant broadening when its magnitude approaches the velocity 
spacing of neighboring species in the velocity image.    The percentage effect of 
ion recoil on the velocity of the nascent O or D fragment is roughly independent 
of the fragment mass because a higher mass atom (O from OH/OD) has a lower 
nascent velocity due to the mass partitioning factor in the TKER equation.  
          In Figure 5.7 an O+ image of cold (zero transverse velocity) O(3P2) atoms 
created in the discharge beam is shown.  An Einzel ‘zoom’ lens39 was used to 
magnify the image of low velocity species to observe this ion-recoil effect.  
Chapter 5 98 
O(3P2) ion-recoil is characterized as a mixed perpendicular angular distribution 
(β~-0.2), which causes significant broadening of the O/D atom signal along 
θ=90o when added to the perpendicular (ΣΠ) angular distribution for 
OH/OD photodissociation, where θ is the angle between the recoil velocity 
vector and the polarization direction of the linearly polarized REMPI laser.  
          The two-photon excited s electron in the (2+1) REMPI of D(2S) atoms at 
~243 and ~205 nm is ejected as a p wave, thus with a pure parallel or cos2θ 
distribution.   This blurs the rings at θ = 90˚, and splits them in the regions of 
0<θ<45˚. In Fig. 5.8 this splitting in this selected θ region is clearly visible in 
the TKER spectrum.  The intensity of these peaks in this angular region, 
however, is much smaller compared with the intensity of the peaks from the 
TKER curve for θ from 0 to 180˚ due to the perpendicular angular distribution 
of the dissociation products. 
          The ion recoil velocity (Table 5.2) for O and D atom detection at the 
employed wavelengths should be compared with the photofragment velocity.   
In the case of (2+1) REMPI of O(3PJ) atoms at ~226 nm, for example,  the three-
photon energy is 16.47 eV while the O atom ionization potential is 13.62 eV. 
The total excess kinetic energy is 2.9 eV, which is subdivided between the 
electron and O+ ion according to the mass ratios, i.e. KER(O+) = ( me/mo)* 
TKER (me= 5.5*10-4 amu), yielding vrecoil O+ = 35 m/s.  The shifts in velocity for 
the rings observed in this study vary over the range of ±1.7% to ±3.6%.  More 
important is the relative peak spacing of the rings compared to the ion recoil.   
 
0 2
0
4
0
m
/s
 
 
Figure 5.7: An O+ image of cold O(3P2) atoms with insets showing the velocity scale. On the left 
side a intensity grey-scale is presented and on the right side the vertical arrow (↕) represents the 
laser polarization direction. 
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Figure 5.8: The photofragment speed distribution corresponding to the reconstructed image 
shown in the Figure 5.3 (b) are extracted by integrating over the angle θ from 0 to 180˚.  The 
effect of splitting of the rings due to the effect of ion recoil in the probe process is highlighted by 
the peak splitting in the photofragment speed distributions at θ from 0 to 45˚. 
 
Since the recoil adds in all directions, photodissociation of the OH v”=2 and 3 
molecules at 226 nm, for example, yields O atom peaks along θ=90o that are 
shifted closer to each other by 70 m/s, compared to their original spacing of 118 
m/s.   Other apparatus effects, particularly space charge and the transverse 
velocity spread of the parent OH beam, produce further broadening of the peaks. 
 
5.5.6.  Angular distributions 
 
Angular distributions, I(θ), where θ is the angle between the fragment 
propagation vector and the vertical laser-polarization vector, were obtained by 
integrating the inverted image over the velocity range (which includes the ion-
recoil spreading) of each ring.  These are fit to the expression: I(θ) ~1 + βP2(cos 
θ) + γP4(cos θ), where P2(cos θ) and P4(cos θ) are the second- and fourth-order 
Legendre polynomials, respectively, and β and γ are anisotropy parameters. The 
mean value of the experimentally determined angular distribution parameters β 
and γ extracted for the strongest peaks seen in the all observed background-
subtracted O+ and D+ images for photodissociation of OH/OD are listed in Table 
5.4, and plotted as a function of dissociation wavelength in Figure 5.9. 
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          The anisotropy parameter β (-1 ≤ β ≤ +2) is –1 for a pure perpendicular 
transition and +2 for a pure parallel transition. These extreme values of β can 
only be obtained if the dissociation lifetime τ of the excited state is much shorter 
than the rotation period, τ rot,  of the parent molecule (direct axial dissociation). 
In the absence of alignment (O(3P0) and D(2S) products) the anisotropy 
parameter γ = 0.   
          A perpendicular transition from the ground X 2Π to a first rapidly 
dissociating 12Σ- electronic state should yield β = –1.  As is immediately 
obvious from Fig. 5.2, all of the observed angular distributions are 
perpendicular.  For the stronger rings in the D(2S) atom images for 
photodissociation of OD at ~243 and also at ~205 nm, an almost fully 
perpendicular angular distribution is observed. As discussed in the next section, 
a fully perpendicular angular distribution (β= -1) for photodissociation of OD at 
~243 nm was measured for the strongest ring in the D+ image by applying 
Doppler-free (2+1) REMPI, which is less sensitive to background D atoms than 
standard (2+1) REMPI. 
          In addition, alignment of O(3P2,1) photofragments is observed as a dip in 
signal strength (negative γ value) along the θ=90o (horizontal axis) direction of 
the image.  From our results we see that the angular distribution of O(3P0) is 
indeed described by a single β parameter (γ is ~ 0 within the experimental 
uncertainty). Atomic alignment is only possible when the angular momentum is 
larger than ½, so D(2S) (J=1/2) atoms also cannot have angular momentum 
alignment. 
          Fig. 5.10 shows several representative angular distribution for the 
strongest peaks of the dissociation products O(3P2,1,0) coming from OH/OD at 
226 and 200 nm and D(2S) coming from OD at  243 and 205 nm.  In Table 5.4 
the anisotropy parameters γ determined from the angular distribution of the 
aligned O(3P2,1) atom fragments are also given. The maximum uncertainty of β 
and γ is found to be 0.1. When the uncertainty of β and γ exceeds 0.1, we 
indicate the value of the uncertainty in the table.  It is clear from Table 5.4 that 
the fine- structure-averaged β parameters at 226, as well as 200 nm deviate 
strongly from –1, and that β increases with decreasing the angular momentum J 
of the O(3PJ) photofragments. Also, it is obvious that the anisotropy parameter γ 
increases with the decreasing the value of β over the fine structure levels.  In 
Figure 5.9 the anisotropy parameters β and γ corresponding to the different fine 
structure states of the O(3PJ) atom (with J=2,1,0) coming from photodissociation 
of OH and also OD are plotted as function of wavelength. It can be seen from 
this figure that the anisotropy parameters of the three O(3PJ) channels are 
different from each other, but  there are no large variations in these parameters 
(within the experimental error limit) as a function of excitation energy at ~226 
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and ~200 nm.  There is also no significant variation in the β parameter for D 
atoms from OD photodissociation at 243 nm compared to 205 nm. 
 
a) 
O(3P2) O(3P1) O(3P0)  
βexp γexp βexp γexp βexp γexp 
OH 
(v”=2) -0.44 -0.23 -0.74 -0.10 -0.86 +0.08 ~226 
nm OD 
(v”=3) -0.56 -0.20 -0.64 +0.03 -0.82 -0.05 
OH 
(v”=1) -0.52 -0.43(15) -0.65 -0.31(19) -0.94(51) -0.96(70) ~200 
nm OD 
(v”=2) -0.61(16) -0.27(22) -0.67(18) -0.09(23) -0.99(65) +0.26(87) 
    
 
O(3P2) O(3P1) O(3P0) 
β calc. γcalc. β calc. γcalc. β calc. γcalc. 
Sudden limit 
analysis -0.58 -0.42 -0.71 -0.28 -1 0 
 
b) 
D(2S) 
βexp -1.06 ~243    
nm 
OD 
(v”=3) β -1.02 
~205 
nm 
OD 
(v”=2) βexp -1.00 
 
Table 5.4: 
a) Experimentally determined anisotropy parameters  βexp and γexp extracted for the strongest 
peaks seen in the all observed background subtracted O+ for selected fine structure states images 
for one-photon dissociation of OH/OD at ~226 and ~200 nm and the corresponding theoretically 
predicted anisotropy parameters  βcalc. and γcalc.  
b) Experimentally determined anisotropy parameters βexp extracted for the strongest peaks seen in 
the observed background subtracted D+ images coming from one-photon photodissociation of OD 
at ~243 and ~205 nm and anisotropy parameters  β extracted for the strongest peaks seen in the 
Doppler free D+ image coming from one photon photodissociation of OD at ~243 nm.   
The max uncertainty of β and γ is 0.1. Values of the uncertainties in β and γ larger than 0.1 are 
indicated in the Table.   
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Figure  5.9: Experimental β and γ values plotted as a function of wavelength (~226 and ~200 nm)  
corresponding to the different fine structure states of the O(3PJ) atom (J=2,1,0) from 
photodissociation of OH  and OD.   β and γ with experimental error limit are presented by the full 
quadrate with the black color for OH and by the full triangle with the gray color for OD. 
Calculated anisotropy parameters β and γ in the sudden-recoil limit, characterizing the angular 
distribution of the O(3PJ) (with J=2,1,0) photofragments formed in the one photon process 
photodissociation of OH/OD via the 1 2Σ- state are presented by the hollow quadrate. 
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Figure 5.10: The measured angular distribution and fitted curves for the strongest peaks of the 
dissociation products O(3P2,1,0) coming from one photon dissociation of: 
a) OH at ~ 226 (upper panel) and ~200 nm (lower panel)  
b) OD at ~ 226 (upper panel) and ~200 nm (lower panel) and 
c) The measured angular distribution and fitted curves for the strongest peaks of the dissociation 
products D (2S) coming from one photon dissociation of: OD at ~243 and ~205 nm, respectively.  
The angular distribution is fitted to the expression: I(θ) ~1 + βP2(cos θ) + γP4(cos θ). 
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5.5.7.  Doppler-free Imaging 
 
Another origin of ring broadening is space charge (the repulsion of the ions by 
other ions due to a too-high laser-created ion density). On increasing the laser 
power as much as possible to obtain a reasonable photofragment signal we also 
ionize non-signal species which increase the space charge. To decrease this 
effect and improve the signal to noise ratio, we apply the Doppler-free (2+1) 
REMPI40 method to probe the D atom products from photodissociation of OD. 
This method increases the resonant ionization of products, but does not increase 
the ionization of background ions, which are non-resonantly ionized due 
presumably to different laser power dependence. In our Doppler-free 
configuration we used two counter – propagating linearly polarized laser beams 
to ionize the D(1s 2S) atoms by (2+1) REMPI through the D(2s 2S) state at the 
center wavelength of 243.09 nm. The laser light at 243.09 nm ( ~ 1.5 mJ/pulse, 
5 ns pulse length, 0.4 cm-1 bandwidth) is focused with a 20 cm lens from the left 
side of the chamber onto the molecular beam into the center of the chamber. The 
laser beam was retro-reflected with a highly reflective 25 cm focal length 
spherical mirror and refocused onto the molecular beam. The polarization vector 
of both beams was parallel to the detector face. Note that this configuration is 
not optimal, there is a 50 cm (~2 ns) delay between the two beams.  Because the 
single-beam signal, which is weak compared to the Doppler-free signal, appears 
at the center stripe of the image, it is outside the main signal for this 
perpendicular photodissociation process and does not disturb the analysis.   
The Doppler free and corresponding slice of the inverted 3-D image of D(2S) are 
presented in Fig. 5.11.   By this method we managed to eliminate most of the 
background signal, which resulted in a pure perpendicular angular distribution 
measured for the strongest ring in the D atom image (β = -1.0 +/- 0.1). 
 
a) b)
 
 
Figure 5.11: The Doppler free (a) and corresponding Abel inverted image (b) of D(2S) formed 
from the one photon dissociation of vibrationally excited OD X 2Π radicals at ~ 243 nm.On the 
left side a intensity grey-scale is presented. The vertical arrow (↕) at the right shows the direction 
of the laser polarization. 
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5.5.8.  Effect of parent molecule orientation and alignment  
Our experimental conditions, i.e., a molecular beam passing through a hexapole 
state selector into a static electric field, are similar to those used for studies of 
the photodissociation of oriented OCS molecules41 or orientation effects in OH 
inelastic collisions42. On exiting the hexapole the f-state-selected OH (Ω=3/2, J= 
3/2, MJ=3/2, 1/2) molecules fly 5 cm before passing through a 4 mm hole in the 
center of the repeller plate electrode, which is biased typically at -3000V.  Due 
to the large repeller plate opening and single hexapole configuration we estimate 
that about 60% of the molecules studied are in the MJ=1/2 state ( see Chapter 2 
of this thesis) especially when using a large (4 mm diameter) final aperture. 
Within the imaging lens, at the point where photodissociation and 
photoionization takes place, the static field is ~710 V/cm. Even this voltage 
could cause orientation of the OH. Actually, from the analysis given in Chapter 
2 we showed that spectroscopic transitions that are forbidden when starting 
from f-symmetry states should become observable due to the weak parity 
mixing induced by the static electric field of our velocity map imaging lens of 
~710 V/cm and we also showed that this field causes orientation of the OH but 
this orientation should not affect the photodissociation of our OH sample. In 
Chapter 2 of this thesis we presented evidence that our OH sample for 
photodissociation imaging is effectively isotropic within our data uncertainties 
and thus we can assume cylindrical symmetry around the laser polarization 
direction in order to analyze the raw images using standard inversion procedures 
(Basex program).28  
 
5.6. DISCUSSION    
 
Experimentally observed O(3PJ) fine structure branching ratios and angular 
distribution parameters (β, γ) for OH and OD photodissociation in the UV 
region are presented in Tables 5.3 and 5.4 respectively, and the angular 
distribution data is plotted in Figure 5.9 along with the calculated sudden-limit 
values given in Table 5.1.   Within the error limits of the experiment, both the 
branching ratios and polarization sensitive angular distribution parameters agree 
with the calculated sudden-limit values for OH and OD at each dissociation 
wavelength.   
          The sudden-limit analysis of section 5.3 assumes a single state (the 1 2Σ- 
state) is optically prepared in the Franck-Condon region of the OH molecule. 
Lee12 has argued that in the high-energy region between the first and second 
dissociation thresholds of OH that predissociative levels of the A 2Σ- (v’≥7) state 
can also be accessed, and interference from the predissociative and direct 
dissociation pathways could cause a strong local variation in the O(3PJ) fine 
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structure branching ratios.  By tuning the dissociation laser wavelength, the 
desired O(3PJ) product atom can then be selected in a type of coherent control 
method.  In our experiment excitation takes place from OH X(N”=1, J”=3/2, 
v”=0-4) at the dissociation wavelengths 243, 226, 205, and 200 nm.  A number 
of A 2Σ- (v’≥7) states lie in the 243-200 nm region when starting from X (v”=0-
4), but none are close to resonance with the specific O, H, or D atom REMPI 
lines we employ.   Excitation beginning from higher vibrational levels of the X 
state probes progressively larger internuclear distances, which favors excitation 
to the repulsive 1 2Σ-state over excitation to the A 2Σ- state.  To produce the 
predicted branching ratio variations, the contributions from the two 
indistinguishable dissociation pathways should be comparable.  We believe that 
excitation to bound levels or to the repulsive wall of the A 2Σ- state, is extremely 
weak at our photodissociation wavelengths so that the photodissociation 
dynamics is reduced to that on the single 1 2Σ- state.  Zhou et al.43 come to a 
similar conclusion in an investigation of the photodissociation dynamics of the 
isovalent SH molecule.   
          Lee also found that at energies above the dissociation to O(1D), the 
nonadiabatic (spin-orbit and Coriolis) couplings among electronic states 
correlating to O(3P) are very small compared with the kinetic energies of the 
O(3P) fragments, and because of that their effects on the dissociation to O(3P) 
are expected to be minimal.44  In our experiment only the OH X(v”=4) state has 
appreciable excitation probability at 205 nm (the O(1D) REMPI wavelength) to 
the 2∆ state (Fig. 5.1), which correlates with H + O(1D) products.  The 
population of OH X(v”=4) in our beam is apparently too low to observe any 
O(1D) products from this channel. Lee found that the anisotropy parameters for 
O(3PJ) produced by photodissociation above the second dissociation limit are 
nearly energy-independent, and very close to –1, and that the O(3PJ) fine 
structure branching ratios are also very similar to the recoil limit values in this 
energy regime. 
          The potential energy curves of the isovalent SH radical are similar to 
those of OH and the theoretical analysis of SH photodissociation shows a strong 
analogy with the photodissociation of OH.  Zhou et al.43  studied the 
photodissociation dynamics of jet-cooled SH in the photolysis wavelength 
region of 216 to 232 nm using the high-n Rydberg atom time of flight 
technique. Their results also indicate that UV photolysis of SH is a due to one 
photon-direct dissociation of SH to the dissociative 12Σ- curve from the ground 
state of SH(X 2Π, v”=0-2). Their product fine structure states distributions also 
shows that the S(3PJ) spin–orbit branching fractions of SH are close to the 5:3:1 
sudden limit distribution from the single 12Σ- state, as in the case of OH.  Their 
experimental β parameters for the three spin-orbit products S(3PJ) have the same 
~ -1 value in the 216 –232 nm region, which is also similar to the results from 
our study where the anisotropy parameters are also nearly energy-independent.   
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5.7.  CONCLUSIONS 
 
While the photodissociation of OH/OD is energetically allowed above 4.37 eV  
(λ<283 nm), Franck-Condon overlap restricts absorption from the X ground 
state v”=0 to λ<~180 nm.  At λ ~ 200 nm, the shortest dissociation wavelength 
used in this study, absorption by OH (v”>1) becomes probable and OH 
populated in these higher vibrational levels give rise to the atomic product 
signals observed.  An estimate of ~2000 K for the vibrational temperature of the 
pulsed discharge beam source of OH was obtained by comparing the relative 
signal levels from photodissociation from different vibrational levels with 
theoretical predictions of the absorption cross section.   The fragment angular 
distributions for the D(2S) and O(3P0) fragments, which are not complicated by 
atomic angular momentum alignment effects, indicate a pure perpendicular 
molecular dissociation, as expected for a 12Σ-  X 2Π dissociation process.  The 
measured O(3PJ) product branching ratios are constant, within our error limits, 
for the dissociation wavelengths 243 nm, 226 nm, 205 nm, and 200 nm, with a ~ 
5:3:1 ratio for J= 2:1:0, as predicted theoretically for a sudden limit diabatic 
dissociation process.  In the sudden limit the MJ distribution for a given J state is 
quite non-statistical, and this introduces a strong angle-dependent probability for 
ionization by the linearly polarized probe laser.   Within the experimental 
accuracy the measured angular distribution parameters β and γ for the O(3P2,1) 
product atoms are predicted well by the sudden limit theoretical treatment.  The 
values for these angular distribution parameters are, like the O(3PJ) branching 
ratios, independent of dissociation wavelength, which is to be expected for 
photodissociation in the sudden limit regime. Under our conditions no O(1D) 
products were observed, in agreement with the theoretical analysis.  
Experimental complications such as ion-recoil from the photoionization step 
and possible OH pre-orientation and alignment due to the hexapole focusing 
method were discussed.   
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6  Predissociation of the A 2Σ+(v’=3) State of the 
OH Radical 
 
 
 
 
ABSTRACT 
 
 
Predissociation of the (N’= 0, 1, and 2) rotational states of the (v’=3) vibrational level of 
the electronically excited A 2Σ+ state of OH is studied using hexapole state selection of 
OH and velocity map imaging of the atomic oxygen photofragments.  Fine structure 
yields, angular distributions and alignment parameters are obtained for the O(3PJ), 
J=2,1,0 products.   Angular distributions for the O(3P0) fragment, which has no angular 
momentum polarization, agree reasonably well with predictions from the angular 
distribution simulation program by Houston and coworkers [J. Chem. Phys. 125, 1, 
(2006)] which calculates the anisotropy of photofragment recoil as a function of 
dissociation lifetime, excitation frequency, rotational level, and rotational constant.  For 
the low rotational quantum numbers N involved in this experiment, the predictions 
deviate strongly from the classical, high N, limit of β = -0.25 for a slow, perpendicular 
predissociation process.  Here β is the anisotropy parameter in the angular distribution 
expression I(θ) = 1/4π [1+βP2cos(θ)], where θ is the angle between the fragment recoil 
direction and the polarization direction, P2(cosθ) is the second Legendre polynomial, 
and -1<β<2.  When angular momentum polarization of the atomic fragments is present, 
the polarization sensitivity of the O(3PJ) (2+1) REMPI detection scheme used to detect 
the O(3P2,1) products alters the observed angular distribution.  Strong polarization effects 
are observed for the O(3P2,1) products  and accounted for in our determination of the 
fine-structure branching ratios and MJ state distributions in the fragment images. In 
agreement with the sudden limit model, OH A 2Σ+(v’=3) is found to pre-dissociate 
mainly through the 4Σ- state, with O(3P2) as a major product. 
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6.1. INTRODUCTION 
                                                               
The hydroxyl free radical (OH) is a key reactive species in the chemistry of the 
atmosphere, in combustion processes and in the interstellar medium. Because it 
reacts with and thereby removes nearly all other molecules, OH is also known 
as the detergent of our atmosphere. Although hydroxyl has been the subject of a 
large number of theoretical and experimental studies, only few modern 
collision-free studies of OH photodissociation have been reported.1,2,3  We have 
previously used imaging detection of O and H atom products to study direct 
one-photon photodissociation of vibrationally excited hydroxyl radicals X 
2Π(v”) via the repulsive 12Σ- electronic state of OH and OD,1,2 while the group 
of Zhang3 has used Rydberg tagging studies of H atoms from the predissociation 
of OH excited to the A 2Σ+(v’=3 and 4) states. Here, we use velocity map 
imaging to study the vector properties of the O atom product from the 
predissociation of the A 2Σ+(v’=3)  state.  Our study is complementary to that of 
reference 3, where high resolution speed distributions of the H atom product 
were reported.  We measure correlations between the OH A 2Σ+X 2Π transition 
dipole, the O(3P) atom recoil, and the O(3PJ) angular momentum polarization 
vectors. This type of data provides a sensitive test for our current understanding 
of product atom polarization and coherence effects in the photodissociation 
dynamics of small molecules.4 
Adiabatic Born-Oppenheimer (spin orbit-diabatic) potential energy curves of the 
ground electronic state and the lower electronically excited states of OH 
calculated recently by van der Loo and Groenenboom5 are shown in Figure 6.1.  
The OH X 2Π ground state and the three 12Σ-, 1 4Π, and 14Σ- repulsive states 
correlate with the first dissociation limit: O(3PJ) + H(2S), while the bound A 2Σ+ 
state correlates with the second dissociation limit: O(1D) + H(2S).  Optically 
allowed transitions can take place from the X 2Π ground state to the A 2Σ+ and 
12Σ- states shown in the figure.  In the united atom limit the ground and A 2Σ+ 
state share the same value of principle quantum number, thus an optical 
transition from X to A should be exceedingly weak, and it can thus be expected 
that the transition strength in the molecular frame is also weak.Van Dishoeck 
and Dalgarno6 have shown that the calculated oscillator strength for the 
strongest band, A 2Σ+(v’=2)  X 2Π(v”=0), is indeed very small (5x10-5) and 
decreases rapidly with increasing vibrational level of the upper state.  In most 
circumstances photodissociation via the A state is thus not important in the total 
photodissociation yield of OH. The 12Σ- state (which is repulsive at all 
distances), is fully dipole allowed and direct photodissociation via this state is 
the major destruction mode for OH in diffuse interstellar clouds and in 
comets.7,8  Direct photodissociation producing S(1D) products via the repulsive 
wall of the bound A2Σ+ state has been observed in the isovalent SH molecule9  
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Figure 6.1: Potential energy diagram of the OH electronic states relevant for this study. The 
ground (X 2Π) and repulsive 14Σ-, 12Σ- and 14Π states correlate with the first (O(3P)+H(2S)) 
dissociation limit while the A 2Σ+ state correlate with the second (O(1D)+H(2S)) dissociation limit.   
OH is excited from v”=0 in the ground state to the v’=3 level of the A state by ultraviolet laser 
radiation at ~245 nm.   
 
when starting from higher (v”=2-6) vibrational levels of the ground state.   A 
similar O(1D) production process is possible for OH but is not observed under 
our experimental conditions, as will be discussed later in this text. 
 
 
6.2.  PREDISSOCIATION OF THE A 2Σ+ STATE OF OH  
 
Crossing of the (v’ ≥  2) vibrational levels of the A 2Σ+ state with the repulsive  
(14Σ-, 12Σ- and 14Π) curves causes predissociation, which competes with 
fluorescence back to the ground state.  Laser induced fluorescence (LIF) via the 
A 2Σ+ state is the primary detection method for OH, and this predissociation 
process strongly affects the LIF detection efficiency.  For a better understanding 
of OH predissociation, the potential energy curves, r-dependent transition dipole 
moments, position of ro-vibrational levels, etc., have been determined very well 
for both the X 2Π and A 2Σ+ electronic states. Predissociation occurs in the 
Franck-Condon region through the 12Σ-, 14Π, and 14Σ- repulsive states due to 
spin-orbit induced couplings.3, 6, 10, 11, 12, 13, 14, 15  The interactions between these 
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crossing states are significant near the crossing points and determine the 
positions of the resonance, the linewidth, as well as the predissociation lifetime. 
Predissociation lifetimes of the individual rovibrational levels in the A-X 
electronic system have been extensively studied,16,17,18,19  and all rotational levels 
in v’ ≥2 have been shown to undergo predissociation.16  In the v’=2 state the 
decay lifetime τ is <150 ns and in v’=3 predissociation is ~1000 times faster, 
with a decay lifetime of about ~200 ps for low N’levels.17-19   Higher vibrational 
states are expected to decay even more rapidly.14 Recent experimental 
measurements20 revealed decay lifetimes on the order of 20 ps for N’=0-7 in 
v’=4 states, which is in excellent agreement with first-principles theoretical 
studies.14,15   As determined by the location of the curve crossing, the vibrational 
levels v’=2 and 3 predissociate predominantly via the 4Σ¯ state3,14-19 while the 
v’=4  vibrational  level  decays  via all three repulsive states: 14Σ-, 12Σ- and 
14Π.3, 21,14,15  
          Note that these curve crossing are ‘normal’ (the potential energy curves 
are allowed to cross due to different symmetry or different multiplicity of the 
electronic states) and that interference effects could arise due to the different 
possible pathways leading to the same dissociation products. The non-zero 
angular momentum of the dissociating fragments can induce additional 
couplings between the adiabatic B.O. molecular electronic states that cross, 
which further affects the dissociation dynamics. This nonadiabatic B.O. 
coupling is especially relevant for states correlating to the same atomic limits 
(such as: 12Σ-, 14Π, and 14Σ-) because the potential surfaces become 
asymptotically degenerate at large internuclear separations where the 
nonadiabatic B.O. couplings exceed the separations between these molecular 
states.11 In fact, at larger internuclear distances, in the recoupling zone, where 
the separations between the molecular states are comparable to their spin-orbit 
and Coriolis interactions, the three repulsive states can couple via the intrashell 
nonadiabatic B.O. interactions and can deform the adiabatic B.O. fine-structure 
distributions established in the crossing region.15  At the largest internuclear 
separations the nonadiabatic B.O., particularly, asymptotic spin-orbit 
interactions could also have an effect on the oxygen fine structure populations.15  
Nonadiabatic B.O. interactions have been found to have a large influence on the 
angular distribution of the predissociation fragments and the fragment 
polarization.22,23  
          In the purely adiabatic B.O. correlation diagram the ground and three 
repulsive excited states (14Σ-,12Σ-, and 14Π) of OH correlate with the separated 
atom product states O(3PJ) + H(2S) on specified by the Ω quantum number, 
which is conserved  between the molecular and atomic states. This means for 
the OH molecule in the adiabatic B.O. limit the initially excited 14Σ-  state 
dissociates following the adiabatic correlation to the asymptotic O(3P2) 
products, while the 12Σ- and 14Π repulsive states adiabatically correlate with 
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O(3P0) and O(3P1) products, respectively (Fig. 4. from reference 12). The O 
atom fine structure branching ratio is thus a direct indicator of the type of 
dynamics taking place. 
          Zhang and coworkers3 studied pre-dissociation of the A2Σ+ state of OH by 
detecting H atom products with the high-n Rydberg atom time-of-flight 
(HRTOF) technique, while we studied the same pre-dissociation by measuring 
O atom products using the velocity map imaging technique.24  While the TOF 
method has higher resolution (being able to resolve the O(3PJ) distribution in the 
co-fragment H atom signal), imaging provides polarization information for the 
J-state specified O(3PJ) atom product. As shown in this and our previous 
studies5,2 J-dependent O(3PJ)  polarization data provides important clues for 
following the pathways of OH (pre-) photodissociation.   
          In this work we investigate electronic (pre-) dissociation of the N’ = 0, 1, 
and 2 rotational states of the OH A 2Σ+(v’=3) state prepared via the P1(1), Q1(1) 
and R1(1) transitions.  Using a hexapole state selector25 to focus and state-select 
the OH beam in the X 2Π3/2 (v”=0, J”=3/2(N”=1), F1) rotational and vibrational 
ground state, in combination with detection of the O atom fragments using the 
velocity map imaging technique,24 we observe direct state-to-state (pre-) 
dissociation of OH under collision-free conditions.   The O(
3
P2,1,0) fragment 
velocity map images for the three different OH A 2Σ+(v’=3, N’=0,1,2) rotational 
levels were used to determine the fine structure and angular distributions of 
O(3PJ) atom products. Complete information about O atom alignment was 
obtained by varying the direction of the polarization of the probe laser.  
          We also attempted a study of the predissociation of the v’=4 vibrational 
level using the A 2Σ+(v’=4, N’, J’, F1)  X 2Π3/2(v”=0, N”=1, J”=3/2, F1) 
transition at ~ 232 nm.  The signal-to-noise for detection of O(3PJ) dissociation 
products at 232 nm, however, was too low in our apparatus to yield useful data, 
due in part to extra background at this wavelength from ‘hot’ water produced in 
the discharge source. This A(v’=4) X(v”=0) transition has a much lower 
Franck-Condon overlap factor26 (∆v =4 : (4,0) = 6.6 x 10-5 ) than that for the 
transitions to v’=3  (∆v =3 : (3,0) = 6.4 x 10-4).  Another possibility now under 
investigation is excitation of the v”=1 component of the beam (~5% populated) 
via the ∆v =3: (4,1) transition, which has a Franck-Condon factor of 3.19 x 10-3. 
          Branching ratios for the O(3PJ) fine structure following OH A-state 
predissociation was investigated by Parlant and Yarkony15 using multichannel 
scattering theory based on potential energy curves, spin-orbit couplings, and 
Coriolis couplings, determined from multi-reference configuration interaction 
wave functions. They computed the predissociation rates of the individual OH 
(A 2Σ+, v’, N’, F1/ F2) levels and the fine-structure state populations of the O(3PJ) 
product, and concluded that the photo-predissociation dynamics of OH and the 
O(3PJ) spin-orbit branching fractions is affected by: 
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(i) initial partitioning of flux on the three dissociative states 14Σ-,12Σ-  
and 14Π determined by the spin-orbit interaction at the crossing 
points, and 
 
(ii) by the redistribution -and interferences- of the molecular amplitudes  
             onto atomic amplitudes through the frame transformation. The scra- 
             mbling of the initial fluxes in the recoupling zone is less important  
             because of the rapid traversal of this region due to the large       
             dissociation kinetic energy. 
 
Parlant and Yarkony investigated coherence effects in the photodissociation 
process, and compared the predictions of incoherent excitation versus a full 
quantum treatment, and also evaluated the validity of the ‘sudden limit’ model 
for OH predissociation.  For the low v’, N’ states we study here (v’=3, N’=0-2) 
they showed that a single (1 4Σ-) state approximation without coherence effects, 
evaluated in the sudden limit is appropriate.  In the following section we will 
use the sudden limit model to predict product angular momentum alignment 
effects in the molecular frame for photodissociation of OH via the 1 4Σ- state. 
 
 
6.2.1.  Photodissociation via the 1 4Σ- state in the sudden limit 
 
Because curve crossing with the lowest, 14Σ-, repulsive state occurs several 
thousand wavenumbers above the O(3P2) + H(2S) limit (see Fig. 6.1), 
predissociation of OH A 2Σ+(v’=3) is most likely a diabatic process starting with 
the 1 4Σ- state. In the diabatic picture, the electronic Hamiltonian (without spin-
orbit coupling) is diagonalized and spin-orbit interactions can cause coupling of 
the diabatic curves along the dissociation coordinate.  If the excess energy is 
much larger than the spin-orbit coupling (among the 12Σ-, 14Π, and 14Σ- 
repulsive states) there is insufficient time for the electronic and spin angular 
momentum to recouple at large internuclear distances. Dissociation is then in 
the high-energy recoil or ‘sudden’ limit and takes place essentially on the 
initially prepared diabatic state. In this limit, the projection of the molecular 
wave function of the initial diabatic state onto the atomic basis states of the 
products determines the final product state distribution, and this distribution 
does not vary with the excitation energy.   Because predissociation is slow 
compared to molecular rotation, the molecular-frame predictions given below 
are convoluted with the predicted values of beta from the section 6.2.3 before 
projection onto the laboratory frame.   
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6.2.2.  Molecular and lab frame polarization of O(3PJ) 
 
 In the sudden recoil limit, the probability Pj of finding the O(3Pj=0,1,2) atom in 
one of its fine structure states is given by the projection 
ωω
ωωω
ρωω jjHH
j
Hj HH
HH
trSLjjP ;
2
  
 ∑∑ =ΣΛ= ,                                     (6.1)                       
where L = 1, Λ = 0, 
2
3
S =  and 
2
1
 ,
2
3
=Σ  are the asymptotic molecular frame 
or body-fixed electronic angular momentum, electronic angular momentum 
projection, electronic spin, and electronic spin projection quantum number of 
the 1 4Σ- state, respectively. The quantum numbers j(H) and ω(H) indicate the total 
electronic angular momentum and angular momentum projection quantum 
number of the oxygen (hydrogen) fragments defined with respect to the 
interatomic axis. We use lower case j in this theory section for O(3Pj), while in 
the following sections we will use upper case J. We also define the atomic 
fragment density matrix ωωω ρρρ ω    ;     jjjj HHHH ⊗= . The matrix element is 
computed by: 
 ( ) )12)(12(1     ++−=ΣΛ ++ sjSLj j HssLHH ωω          (6.2)                       






ΣΛ−× ∑
H
HH
kq
k
jjs
LSk
kqSLkqj j        )1( ωω ,                       (6.3)                       
where s(H) is the spin quantum number of the oxygen (hydrogen) fragment. 
The angular distribution of a (simulated) oxygen ion image can be expanded in 
ordinary Legendre polynomials Pk: 
( ) ( ) ( ),cos 
0,2,4
θθ k
k
kj PjcI ∑
=
=                                                                          (6.4)                                                      
where the expansion coefficients ck for OH photodissociation in the sudden 
recoil limit (assuming axial recoil) are given by: 
 ( ) ( ) ( ) ( ) 


 += 1 
5
1
2
2
00 jIjPjc j ρ                                                                    (6.5)                                                                            
 ( ) ( ) ( ) ( ) 


 −= 1 
7
5
2
2
02 jIjPjc j ρ                                                                    (6.6)                                                       
 ( ) ( ) ( ) ( )jIjPjc j 2
2
04  35
18
ρ−=                                                                        (6.7)                       
For a more detailed derivation we refer to the paper by van Vroonhoven and 
Groenenboom.27 The 
( ) ( ) ( ) ( ) ( ) ( )jjj 0020
2
0 / ρρρ =  are the normalized irreducible 
components of the reduced density matrix for the oxygen fragment in the 
Chapter 6 118 
molecule-fixed frame, and: 
 ( ) ( ) ,tr0   1 ;H10 ωω
ω
ω
ρωωρ jj
j
j
k
HH
kjjPj −−=
−− ∑                              (6.8) 
where the trace is over all hydrogen atom quantum numbers. The I2(j) in Eqs. 
(6)-(8) are the relative absorption  intensities for the (2+1) REMPI oxygen 
detection scheme as defined by Mo et al.28, and computed by van Vroonhoven 
and Groenenboom.20  We have I2 (0) = 0, I2 (1) = 2 -1/2, and I2 (2) = - 10/7 . We 
also extract the ω distributions of the oxygen atom from the reduced density 
matrix. The results are summarized in Table 6.1.  The expected recoil 
anisotropy parameters under axial recoil conditions, which is given by20 calcjβ = 
c2(j) / c0(j) and the observed alignment parameter 
tcalc
jγ  = c4(j)/c0(j), are also 
shown in Table 6.1. 
          Table 6.1 shows, for example, there are no projections possible of the 4Σ- 
electronic state (Ω= ½) onto a final state configuration of H(2S½) and O(3P2) 
(Ω= 5/2, 3/2). The O(3PJ) (J=2:1:0) branching ratios favors O(3P2), but that the 
production of O(3P0) is larger than that of O(3P1).  Note that alignment (|MJ|  ≠ 
|M(J±1)| effects are not possible for a J=½ H/D (2S) atom. As required for a J=0 
state, the (O3P0) channel has no orientation (M+J  ≠ M-J) or alignment and yields 
the expected value β = -1 for a ΣΠ excitation and axial recoil.   
 
 
ω  
j Pj 
0 1 2 
.calc
jβ  
axial 
recoil 
.calc
jγ  
axial 
recoil 
0 4/18 2/9   -1 0 
1 3/18 0 1/6  -5/7 -2/7 
2 11/18 4/9 1/6 0 -20/43 -23/43 
 
 
Table 6.1: Predicted oxygen branching ratios and MJ distributions, and the fragment anisotropy 
(
.calc
jβ ) and alignment (
.calc
jγ ) parameters for direct dissociation (i.e., axial recoil)  of the OH  
14Σ- state, computed in the diabatic (sudden recoil) limit for different fine structure states (j) of the 
oxygen fragment when using a linearly polarized laser for REMPI detection of the O(3Pj) atom.  
Note that because of slow predissociation an assumption of axial recoil is not valid but is included 
here for comparison with the 2Σ- state described in Chapter 5.       
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6.2.3.  Depolarization of the angular anisotropy due to lifetime effects 
 
For diatomic molecules the photofragment angular distributions arising from 
one-photon dissociation using linearly polarized light can be expressed as29  
 
                                I(θ) = 1/(4π) [1 +βP2(cosθ)],                                          (6.9) 
where β is +2 for a purely parallel transition (∆Ω=0) and β = −1 for a purely 
perpendicular transition (∆Ω= ±1), P2(cosθ) is the second Legendre polynomial, 
and θ is the angle between the fragment recoil direction and the polarization 
direction. The normalization factor 1/4π corresponds to unit probability for the 
integral of I(θ) over all solid angles. A value of β intermediate between the 
extremes of 2 and −1 can have several origins: a mixed transition, 
depolarization due to an excited state lifetime comparable to the rotational 
period, or a breakdown of the axial recoil approximation.  For predissociation of 
the A state, the second possibility, depolarization, is important.  As mentioned 
previously, the low N states of A(v’=3) have lifetimes of ~200 psec, which is 
several orders of magnitude longer than a typical rotational period of OH.   The 
reduction of β due to the effect of the lifetime of the excited state prior to 
dissociation has been addressed in a semiclassical model by Jonah,30 who 
calculated for a perpendicular transition that 
                               ( ) [ ]
)/28(
cos3/)(sin 22
τωτω
θτωτωτωθ
θ
+
−+
=I                       (6.10) 
where τ  is the lifetime of the molecule and ω is its classical angular frequency. 
Note that when τω→0, I(θ) is equal to ½ sin2θ and β achieves its limiting value 
of -1, but as the lifetime becomes long compared to the reciprocal of the 
rotational frequency, β is reduced from this limiting value, ultimately by a factor 
of 4.  For low rotational quantum numbers this classical approach is not valid 
and Kim et al.31 have recently evaluated predissociation in the most general 
terms and made available a simulation program that predicts photofragment 
recoil as a function of dissociation lifetime, excitation frequency, rotational 
level and rotational constant, including both parallel and perpendicular 
transitions.  The program also reproduces the absorption spectrum, as is shown 
in Fig. 6.2 for the A 2Σ+(v’=3, N’= 2,1,0))  X 2Π3/2(v”=0,N”=1) transition. 
          The predicted values of beta are far from the classical limit of β = -0.25, 
as expected for the low initial quantum number (N”=1).  For N’=0, excited in 
the P1(1) band, β is predicted to equal zero as one might expect for a rotationally 
isotropic upper state.   The predicted values for N’ = 1 and 2, are β = -0.6 and 
+0.6, respectively. For O(3P0) products we expect these values directly from 
experiment, while for O(3P1) and O(3P2) we must first correct for the alignment 
sensitivity while including the effects of depolarization described above. 
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Figure 6.2. Simulated spectrum and beta values using the program of Kim et al.31  Literature 
values of the rotational constants, spin-orbit splitting, and excited state lifetime values were used, 
assuming only the N”=1 rotational state of the 2Π3/2 ground electronic state is populated. Note that 
beta is measurable only where absorption is significant.   
 
.   
6.2.4.  Lab-frame angular distributions  
 
The expected angular distribution parameters βexp and γexp for O(3PJ) (J=0,1,2) 
detection obtained by combining the values for depolarization effects on the 
angular anisotropy for the N’=0, 1, and 2 states and the O(3PJ) polarization 
sensitivity factors are given in Table 6.2.  These values are obtained by first 
computing the molecular axis distribution using the predicted values of beta 
given above, combining these with molecular frame data for the atom 
polarization distributions (Table 6.1), and then combining this data with the 
laser polarization sensitivity factors for the REMPI process. Polar plots of the 
predicted product angular distributions are presented in Fig. 6.3 for initial β 
values -0.6, 0, and +0.6, as predicted for the O(3P0) product.  As seen in these 
figures the REMPI sensitivity function for our geometry tends to favour 
detection of molecules with their molecular axis lying parallel to the laser 
polarization direction. 
          Branching ratios for the O(3PJ, J=0, 1, 2) channels are also measured in 
this work using a linearly polarized detection laser.  Because the product 
angular momentum is also polarized, (Table 6.1), the total yield signal will be 
biased, depending on the direction of the detection laser polarization.  Using the 
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O(3P2) O(3P1) O(3P0)  
Transition βtheory γtheory βtheory γtheory βtheory γtheory 
P1(1) (N’=0) 0.86 
 
0 
 
0.50 
 
0 
 
0 
 
0 
 
Q1(1) (N’=1) 0.13 
 
-0.29 
 
-0.20 
 
-0.16 
 
-0.6 
 
0 
 
R1(1) (N’=2) 1.46 
 
0.24 1.12 
 
0.14 0.6 0 
 
    
Table 6.2: Theoretically predicted angular distribution parameters βtheory and γtheory for O(
3P2,1,0)  
images from the predissociation of OH in individual rotor levels of the A 2Σ+(v’=3, N’ (N’= 0,1,2), 
J’, F1) state.   
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Figure 6.3. Polar plots of the predicted angular distributions of O(3PJ) products (J=0,1,2) from 
predissociation of OH A(v’=3) for depolarization values of β = 0.6, 0, and -0.6, corresponding to 
excitation of the R(1), P(1) and Q(1) lines, respectively (see Figure 6.2).   
   
predicted angular distributions in Table 6.2, correction factors for our case of 
the detection laser polarization aligned parallel to the detector face are given in 
Table 6.3.  For all combinations of predissociation of N’ = 0, 1, 2 and O(3PJ) 
(J=0, 1, 2) detection, the correction factors are less than 5% and smaller than the 
experimental uncertainty.    
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O(3P2) O(3P1) O(3P0) Branching 
ratio: unpol. lin. pol. unpol. lin. pol. unpol. lin. pol. 
β= 0 0.6111 
 
0.6111 
 
0.1667 
 
0.1667 
 
0.2222 
 
0.2222 
β = -0.6 0.6111 
 
0.5911 
 
0.1667 
 
0.1691 
 
0.2222 
 
0.2398 
β = +0.6 0.6111 
 
0.6283 
 
0.1666 
 
0.1645 
 
0.2222 
 
0.2070 
 
Table 6.3:  Correction factors for the O(3PJ) (J=0,1,2) branching ratios when using linear 
detection laser polarization parallel to the detector face, compared to using an unpolarized 
detection laser.   
 
 
6.3.  EXPERIMENTAL METHOD 
 
A detailed description of our velocity map imaging apparatus has been given in 
previous publications.2,24  In short, the OH beam was produced using a pulsed 
discharge source of the pulsed H2O beam seeded in Ar. An electrostatic 
hexapole lens, without a beam stop, was used to select and focus the pulsed and 
skimmed supersonic beam of OH in the J=3/2, |MJ| = 3/2 upper Λ-doublet state 
of f-symmetry to the laser interaction region. The OH beam was directed along 
the axis of the TOF mass spectrometer and crossed at a right angle by the 
counter-propagating photolysis and probe laser beams between the repeller and 
extractor velocity mapping electrodes. The vertically polarized (polarization 
direction perpendicular to the TOF axis and parallel to the detector face) 
dissociation laser was focused on the OH molecular beam by a 20 cm focal 
length lens and the probe laser light was focused by a 9 cm focal length lens 
with vertical polarization direction (perpendicular to the TOF and parallel to the 
detector face) or perpendicular polarization direction (parallel to the TOF and 
perpendicular to the detector surface). Rotation of the detection laser 
polarization between vertical and horizontal polarizations was carried out using 
a Berek’s compensator.  
          The ~245 nm photodissociation laser light (~ 0.4 mJ/pulse) was generated 
by frequency tripling (with a combination of KDP and BBO crystals) the output 
of a dye laser (Spectra Physics Quanta Ray PDL-2, LDS 750 dye) pumped by a 
frequency-doubled Nd:YAG laser (Spectra Physics Quanta Ray DCR-11).  
O(3P2,1,0) products from photodissociation of OH was monitored by  two-photon 
resonant three-photon ionization [(2+1) REMPI] at ~ 226 nm. This radiation (~ 
0.8 mJ/pulse) was generated by means of a frequency doubled (with a BBO 
crystal) dye laser (Continuum TDL60, Coumarin 47 dye) pumped by a 
frequency-tripled Nd:YAG laser (Continuum Surelite), overlapped in time with 
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the photolysis pulse.  
          O(3PJ) ions formed by REMPI were extracted from the ionization region 
into the grounded time-of-flight tube by the electric field of the velocity 
mapping lens and crushed onto a two-dimensional microchannel plate/ phosphor 
screen detector read by a CCD camera. Mass selectivity was achieved by 
increasing the gain of the detector as the O+ ions arrive. Typically, 10000 laser 
shots were used to produce the final 2D raw image which was then inverted to 
3D with an inverse Abel transformation from which the velocity and angular 
distributions were extracted.  
 
 
6.4.  EXPERIMENTAL RESULTS AND ANALYSIS  
                                                        
6.4.1.  Description of images 
 
In Fig. 6.4 several representative raw O+ images of O(3PJ) from the pre-
dissociation of OH A 2Σ+(v’=3) populated via three A-X transitions ( P1(1), Q1(1) 
and R1(1)) are shown.  Two rings are seen in each image, the main inner ring 
arises from the pre-dissociation of OH A 2Σ+(v’=3) while the outer ring is from 
the ~ 226 nm probe laser only and corresponds to one-photon dissociation of 
OH populated in high vibrational levels of the X 2Π ground electronic via the 
repulsive 12Σ- state.5,2  All images shown in Fig. 6.4 are summations of 10000 
laser shots and taken using event counting.  The center of each image 
corresponds to zero-velocity O(3PJ) atoms formed and cooled in the discharge 
source and signals at a larger distance from the image center arise from 
photofragments with non-zero velocities. These images are 2D projections of 
the 3D velocity distributions with the polarization vector of the 
photodissociation laser and probe laser maintained parallel to the detector face 
and thus along the vertical axis of Fig. 6.4.  A single rovibronic level of the 
excited OH A 2Σ+ state is prepared by tuning the photodissociation laser 
wavelength to the P1(1), Q1(1) and R1(1) transitions at the vacuum wavelengths 
245.003 nm, 244.830 nm, and 244.484 nm, respectively. State-selective 
detection of the individual O(2p4, 3PJ) atom fragments is achieved by the 2p33p 
←← 2p4 two-photon excitation to the O(2p33p1, 3PJ) states using the vacuum 
wavelengths of 225.654, 226.059 and 226.233 nm for J=2, 1, 0, respectively.  
          Several general trends are apparent in these images.  First, the O(3P2) 
images are more intense than the O(3P0) images, which are themselves more 
intense than the O(3P1) images.  Second, the Q-branch images are considerably 
more intense than the P and R branch images; this is due to hexapole focusing 
of the f-parity ground state, as described later in this section.  Thirdly, the R-
branch images are noticeably anisotropic with a parallel character (positive beta 
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O(3P2) O(
3P1) O(
3P0)
Q1(1) N’=1
R1(1) N’=2
P1(1) N’=0
 
 
Figure 6.4: Raw hexapole-on  O(3P2,1,0) images produced by (2+1) REMPI at ~226 nm of the 
O(
3
PJ) atom fragments coming from the electronic pre-dissociation of OH of  A 
2Σ+(v’=3) state via 
various OH A-X transition: P1(1), Q1(1), R1(1). All images are taken with the polarization 
direction of both the photodissociation and probe laser aligned parallel to the detector face.  
 
value) while the P and Q branch images are closer to isotropic.  A set of images 
taken the same day is shown in Fig. 6.4, the full angular distribution and 
branching ratio information was extracted from a much larger set of images. 
          Several representative speed distribution curves obtained from integrating 
over the angular distribution of the inverted O(3P2) images are shown in Fig. 
6.5. The first peak in each curve belongs to products arising from the A 2Σ+ 
(v’=3)  X 2Π (v”=0) OH transition and the second peak originates from the 
probe laser only.  The first peak disappears when scanning off the A-state 
resonance while the second peak is not affected.  
          The A-state P1(1), and R1(1) transitions begin from an e-parity ground 
state while the Q1(1) transition begins from an f-parity ground state. With the 
hexapole on, e-parity states are deflected out of the molecular beam while f-
parity states are focused towards the central (axis) region of the hexapole.  For 
the present geometric configuration of the apparatus, with the large repeller 
plate opening (4 mm diameter) and single hexapole configuration, we estimate a 
40:60 mixture of the Ω=3/2, J=3/2, MJ=3/2 and  Ω=3/2, J=3/2, MJ=1/2 states is 
focused into the laser excitation region (see Chapter 2).Within the velocity map 
imaging electrostatic immersion lens, at the point where photodissociation and 
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Figure 6.5: Speed distributions obtained from integrating over the angular distribution of the 
O(3P2) images shown in Figure 6.4.   
 
photoionization takes place, an electrostatic field of ~710 V/cm causes 
orientation, predominantly of the MJ=3/2 component. In the analysis given in 
Chapter 2 we show that spectroscopic transitions that are forbidden when 
starting from f-symmetry states should become observable due to the weak 
parity mixing induced by the static electric field of our velocity map imaging 
lens of ~710 V/cm and we also showed that this field causes pre-orientation of 
the OH, but this pre-orientation should not affect the photodissociation image. 
In Chapter 2 evidence was given that the OH sample used for photodissociation 
imaging is effectively isotropic within our data uncertainty.  We can thus 
assume cylindrical symmetry around the laser polarization direction and analyze 
the raw images using standard inversion procedures (Basex program).32 
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6.4.2. O(3PJ) fine structure branching ratio 
 
From the raw O(3PJ) images we first determine the branching ratio over the 
different fine structure states of the O(3PJ) atom (with J=2, 1, 0).  We take 
advantage of the presence of the probe laser only signal (larger ring in the 
images), which has been quantified in Chapter 5,2 where we studied the 
different fine structure states of oxygen atoms following photodissociation of 
OH via repulsive 1 2Σ- molecular state at 226 nm.  In Chapter 5 we showed that 
the measured branching ratio for the channels [O(3P2)+H(2S)]: [O(3P1) + H (2S)]: 
[O (3P0) + H (2S)] is consistent with predictions by the sudden (diabatic) limit 
theory and that the probability PJ of finding an O atom in a given fine structure 
state is: PJ=2: PJ= 1: PJ=0 = 0.55: 0.33: 0.11. This ratio also happens to be the same 
as a statistical (5:3:1) distribution.  We take care that the intensity of the first 
laser, used to populate the A(v’=3) state, is held constant, and the relative 
detection sensitivity is calibrated by the intensity of the ring arising from the 
second, probe laser.   This procedure is not fully reliable, however, because the 
laser linewidth can vary depending on laser alignment and other conditions.  
Our data has a much larger range of uncertainty than the Rydberg tagging data 
of Zhang,3 where the three O(3PJ) peaks are clearly resolved in the TOF 
spectrum.  For this reason we expect that the O(3PJ) branching ratio data of 
Zhang are more reliable than our two-laser data.  
          From the speed distribution curves (Fig. 6.3.) we obtain the ratio between 
the intensity of the signal coming from two- and one-color experiments (probe 
laser only signal) at the three detection wavelengths for J=2,1,0.  These ratios 
were then multiplied by the above-mentioned probability PJ of finding the O 
atom in a corresponding fine structure state (PJ=2: PJ=1: PJ=0 = 0.55: 0.33: 0.11).  
These experimental sensitivity fine-structure branching ratios are corrected with 
the polarized laser correction factors given in Table 6.3. The results are 
presented in Table 6.4.  
 
 
 Branching ratio 
Transition O(3P2) O(3P1) O(3P0) 
P1(1) 0.66(06) 0.23(10) 0.25(06) 
Q1(1) 0.62(05) 0.16(06) 0.18(05) 
R1(1) 0.60(08) 0.20(10) 0.24(06) 
 
Table 6.4: Corrected (laser polarization, hexapole on and hexapole off) fine-structure branching 
ratios of O(3PJ), J=2,1,0 atom fragments coming from electronic (pre-) dissociation of  OH A 
2Σ+ 
(v’=3, N’ (N’= 0,1,2), J’, F1) state at ~ 243 nm. Error bars are given in parenthesis.   
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6.4.3.  Angular distribution and alignment 
 
Angular distributions for each O(3P2,1,0) fine structure state are determined by 
integrating the corresponding reconstructed images from θ = 0 to π. For aligned 
products the measured angular distribution I (θ) can be described by the 
expression:  
 
               I(θ) ~1 + βexp P2(cos θ) + γexpP4(cos θ),                                          (6.11) 
 
where P2(cos θ) and P4(cos θ), represent second- and fourth-order Legendre 
polynomials, respectively, βexp and γexp are experimental anisotropy parameters 
and θ is the angle between the fragment propagation vector and the vertical 
laser-polarization vector. In the absence of alignment (e.g, O(3P0)) the 
anisotropy parameter γ is 0 and angular distribution I(θ) has the simpler form 
I(θ) ~1 + βexp P2(cos θ).   
          The experimentally determined angular distribution parameters (βexp, γexp) 
obtained from the images are given in Table 6.5, and plotted along with the 
theoretical values of Table 6.2 in Figure 6.6.  As seen in Table 6.5, the γexp 
values for the O(3P0) images are indeed within uncertainty, equal to zero. Owing 
to the rather large error bars in our data, we did not attempt to extract alignment-
free β values for the O(3P1,2) data.  While the other angular distribution 
parameters (βexp, γexp) also show the same trends as the theoretical predictions, a 
general observation is that the experimental βexp values appear to be less 
anisotropic than the predicted values.   We should point out here that in the 
study by Zhang and coworkers β values for the H-atom products (H (2S1/2) has 
no alignment effects) of P1(1) β = 0.0 ± 0.1, Q1(1)  = - 0.3 ± 0.1, R1(1) β=  - 0.46 
± 0.15 were found [J. Zhang, private communication].  This H atom data 
(averaged over all three channels) is in closer agreement with our O(3P0) 
experimental data than the predictions for β (Table 6.2) when including 
depolarization effects.  In the experiment of Zhang no hexapole state selection 
was used. Considering the rather simple theoretical model and the many 
experimental assumptions about homogenous detector sensitivity, Doppler 
scanning, lack of saturation, etc, a better understanding of the deviation between 
theory and experiment will require more extensive investigations. 
 
 
6.5.  DISCUSSION  
             
Analysis of photofragment angular momentum polarization (non-equlibrium 
population distributions of the magnetic sublevels) as a function of recoil angle 
is known to be a very sensitive means for studying molecular photodissociation 
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O(3P2) O(3P1) O(3P0) Transition 
βexp γexp βexp γexp βexp γexp 
P1(1) 0.40(20) 
 
0.05(10) 
 
0.35(15) 
 
-0.02(10) 
 
0.05(20) 
 
-0.05(10) 
 
Q1(1) 0.25(10) 
 
-0.10(05) 0.15(10) 
 
-0.05(05) 
 
-0.20(10) 
 
-0.03(05) 
 
R1(1) 0.75(20) 
 
0.10(10) 0.68(15) 
 
0.00(10) 0.30(20) 0.00(10) 
    
Table 6.5: Experimentally determined angular distribution parameters βexp and γexp from the 
background subtracted O(3P2,1,0) images. Error bars are given in parenthesis.   
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Figure 6.6: Experimentally determined angular distribution parameters (β’, γ’) from the O(3P2,1,0) 
images (solid circles and squares, respectively) and sudden-limit predictions (open symbols).  
 
dynamics. The O(
3
PJ) fine-structure distribution, angular distribution, and 
alignment data measured here reveals details of nonadiabatic interactions and 
their effects on the OH photo-predissociation dynamics.  
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          The A 2Σ+(v’=3, N’=0) lies below the first crossing with the 4Σ- state and 
predissociates predominantly via the single 4Σ- state as shown by the studies of 
the A 2Σ+ predissociation rates.10,13,14,15  In Fig. 6 of the paper by Parlant and 
Yarkony15 it is clearly seen that the 4Σ- state dominates the branching fractions 
for N’=0, v’ =2 to 3 and also that the 4Σ- state channel favors O(3PJ) atom 
products in J=2 over J=0, 1.  In the sudden (diabatic) limit, calculated single-
state fine-structure O(3PJ) branching ratios for the 4Σ¯ channel (the single-state 
approximation includes only one spin-orbit coupling (e.g. A 2Σ+ ~ 4Σ-), setting 
all remaining spin-orbit couplings and all intrashell interactions to zero) are 
O(3P2,1,0) = 0.611: 0.167: 0.222.15 A full quantum calculation (multichannel 
scattering including all the nonadiabatic interactions from the Franck-Condon to 
asymptotic region) predicts O(3P2,1,0) = 0.675: 0.141: 0.184 and the experimental 
data from Zhang and coworkers gives similar values (0.676 ±  0.010: 0.138 ±  
0.013: 0.186 ± 0.017). It should also be noted that the sudden-limit single-state 
branching fractions for the 4Σ- state, the predicted spin-orbit branching ratios 
using the full quantum calculation, and the experimental data from Zhang and 
coworkers11,15,3  all show the order of signal strength O(3P2) > O(3P0) > O(3P1). 
Our experimental data showed this order of O(3P2,1,0) spin-orbit branching 
fractions, but with a rather large error bars.  
          Our experimentally observed O(3PJ) angular distribution parameters for 
OH photo-predissociation are compared with theory in Figure 6.6. In order to 
make this comparison we have combined the predictions on the depolarization 
of the product angular distribution due to slow predissociation by Houston and 
coworkers (Fig. 6.2) with a one-state sudden-limit analysis for predicting the 
molecular frame atomic alignment parameters.  It is clear from Fig. 6.6 that the 
fine-structure β and γ parameters for O(3P2,1,0) fragments are in good qualitative 
agreement with the predictions by this approach, although the images in general 
are less anisotropic than predicted.   The quality and reproducibility of the 
experimental data, especially for the fine structure branching ratios, was much 
lower than expected.   We believe in order to improve the data quality for a 
more stringent test of the validity of the sudden limit model, an alternative 
source of OH will be necessary.  Background due to photodissociation of 
vibrationally excited water molecules and to other species formed in the 
discharge is a major cause of experimental uncertainty. 
 
 
6.6.  CONCLUSIONS 
 
Measurements of the product branching ratios, angular distributions and angular 
momentum alignment of O(3PJ) photofragments following predissociation of the  
OH A 2Σ+ (v’=3) state at photolysis wavelengths ~245 nm have been presented.  
We have shown that the angular distributions obtained with velocity map 
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imaging of the O atom photofragments are quite sensitive to the fragment 
angular alignment.  Within our experimental uncertainty our data supports the 
simple sudden limit model for photodissociation via the 1 4Σ- state. 
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7  Fluorescence-Dip Infrared Spectroscopy and 
Predissociation Dynamics of OH A 2Σ+(v’=4) 
Radicals 
 
 
 
 
 
 
ABSTRACT 
 
 
 
Fluorescence-dip infrared (FDIR) spectroscopy, an UV-IR double resonance technique, 
is employed to characterize the line positions, linewidths, and corresponding lifetimes of 
highly predissociative rovibrational levels of the excited A 2Σ+ electronic state of the OH 
radical.Various lines of the 4←2 overtone transition in the excited A 2Σ+ state are 
observed, from which the rotational, centrifugal distortion, and spin-rotation constants 
for the A 2Σ+(v’=4) state are determined, along with the vibrational frequency for the 
overtone transition.  The homogeneous linewidth measurements, ranging from 0.23 to 
0.31 cm-1 FWHM, demonstrate that the N’=0-7 rotational levels of the OH A 2Σ+(v’=4) 
state undergo rapid predissociation, with lifetimes of ≤ 23 ps. The experimental 
linewidths are in near quantitative agreement with first principle theoretical predictions. 
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7.1.  INTRODUCTION 
 
The hydroxyl radical (OH) has been the subject of many studies over the past 
several decades because of the key role that OH plays in atmospheric and 
combustion chemistry.  In particular, the OH A 2Σ+ - X 2Π band system has been 
well characterized using laser-induced fluorescence (LIF) spectroscopy since 
this is the primary method used for detection of OH in these environments.  
However, the utility of the A-X system is limited due to predissociation of the 
excited OH A 2Σ+ electronic state, which results from curve crossings with three 
repulsive potentials, namely 4Σ−, 2Σ−, 4Π.  Predissociation of the A 2Σ+ state is 
induced by spin-orbit coupling in the intersection region(s), producing O(3PJ) + 
H(2S) fragments.1  Both theoretical and experimental work has been carried out 
to understand the nature of the curve crossings and predissociation dynamics of 
the OH A2Σ+ state.  Theoretical studies have included predictions of 
predissociation rates, total (radiative plus radiationless) lifetimes, and O(3PJ) 
fine-structure distributions.1-4 
          Previous experimental studies have shown that high rotational levels in 
v’=0 (N’≥24) and v’=1 (N’≥16), as well as all N’ levels of v’=2 and v’=3 in the 
excited A 2Σ+ electronic state undergo predissociation.5-10  In v’=2, the 
rotationless level has a decay lifetime of ∼150 ns,7 which is five times faster 
than the 800 ns radiative lifetime.11  Predissociation is 1000-times faster in v’=3, 
with experimental measurements revealing decay lifetimes on the order of 0.2 
ns for low N’ levels.8-10  In addition, the predissociation rate has been shown to 
increase with N’ for the v’=0 to 3 vibrational levels of the OH A 2Σ+ state.8-10  
For these vibrational levels, there is also good agreement between the 
experiment and theory on the N-dependent predissociation rates, with 
predissociation resulting from interaction with a single repulsive (4Σ−) potential.1 
          Yet higher vibrational levels of the OH A 2Σ+ state are expected to decay 
even more rapidly.4  Prior experimental and theoretical studies of the v’=4 state, 
the subject of the present study, indicate that predissociation occurs at least 10-
fold faster than in lower vibrational levels.  Theoretical predictions1 and recent 
experimental measurements of the O(3PJ) fine-structure distribution12 also 
demonstrate that predissociation is due to interaction with all three dissociative 
potentials, 4Σ−, 2Σ−, and 4Π.  The degree of interaction with a particular repulsive 
potential depends on the location of the A 2Σ+(v’=4, N’) rovibronic level relative 
to that curve crossing. At low N’, predissociation is predicted to be 
predominantly due to interaction with the lowest repulsive potential (4Σ−), 
whereas the curve crossing with the highest repulsive potential (4Π) is expected 
to dominate at higher N’.1  These multiple curve crossings could lead to an 
unusual N-dependence in the predissociation rates for v’=4. 
          Since nonradiative decay processes are much faster than the radiative 
decay for OH A 2Σ+(v’=4), fluorescence emission is not easily detected, i.e. the 
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quantum yield Φfl is ~0, making this state difficult to characterize 
experimentally.  The OH A 2Σ+(v’=4) state has been accessed previously in two 
studies, namely through LIF excitation on the OH A-X(4,2) transition13 and 
B 2Σ+ → A 2Σ+(1,4) fluorescence emission.14  Only the LIF study obtained 
linewidths, which ranged from 0.65 – 1.0 cm-1 FWHM for the OH A 2Σ+(v’=4, 
N’=0-11) rotational levels.13  More recently, a theoretical study has predicted 
much narrower linewidths of ~0.3 cm-1 and corresponding lifetimes of ≤ 20 ps 
for OH A 2Σ+(v’=4).1,4 The considerable difference between the theoretical 
predictions and previous experimental measurements of the linewidths for OH 
A 2Σ+ (v’=4,N’) levels suggested the need for further experimental investigation. 
          In the present work, a UV-IR double resonance scheme is utilized to 
obtain the line positions, linewidths, and corresponding lifetimes of rovibronic 
levels in the OH A 2Σ+(v’=4) state.  The UV and IR transitions are illustrated on 
a potential energy diagram in Fig. 7.1.  The UV laser promotes OH radicals 
from the v”=1 level of the ground X 2Π state to the v’=2 level of the 
electronically excited A 2Σ+ state.  The IR laser further excites the OH radicals 
on an overtone transition to the v’=4 level of the A 2Σ+ state.  Fluorescence 
emission is detected from the v’=2 level of the A 2Σ+ state exclusively.  When 
the IR laser is resonant with a 4←2 overtone transition in the A 2Σ+ state, the 
population in v’=2 is depleted, resulting in a decrease in the fluorescence 
emission.  A fluorescence-dip infrared (FDIR) spectrum is then obtained as the 
IR laser is scanned.  The present study demonstrates the utility of the FDIR 
technique for obtaining detailed spectroscopic and dynamical information on 
highly predissociative levels of the OH radical in its excited A 2Σ+ state. 
 
 
7.2.  EXPERIMENT 
 
Hydroxyl radicals are produced by photolysis of the vapor from 99.5 wt % 
HNO3 (Aldrich) entrained in He carrier gas (35 psi) using 193 nm radiation 
from an ArF excimer laser (Lambda Physik, Compex 102 or LPX 105i).  The 
gas mixture is photolyzed within a quartz capillary tube15 attached to the exit 
flange of a solenoid pulsed valve assembly (General Valve, Series 9).  The OH 
radicals are relaxed to some extent by collisions with He carrier gas as the 
mixture undergoes supersonic expansion in the vacuum chamber.  The OH 
radicals are subsequently promoted to highly predissociative levels of the 
excited A 2Σ+ electronic state using a sequential UV-IR excitation scheme, 
which is described briefly in the Introduction and explained in more detail in the  
Results section. The experimental section focuses on the laser setup and data 
acquisition procedure. 
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Figure 7.1: Potential energy diagram for the lowest bound states, X 2Π and A 2Σ+, and repulsive 
curves, 2Σ−, 4Σ−, and 4Π, of the OH radical adapted from Ref. 4.  The repulsive potentials induce 
electronic predissociation of the A 2Σ+ state.  Fluorescence-dip infrared (FDIR) spectra are 
obtained by promoting OH radicals to the A 2Σ+(v’=2) state with the UV laser, and further exciting 
the OH radicals to the highly predissociative A 2Σ+(v’=4) state using an IR laser.  Fluorescence 
emission is detected from the A 2Σ+(v’=2) state exclusively. 
 
          Tunable UV radiation near 288 nm is generated by frequency doubling 
(KDP) the output of a Nd:YAG pumped dye laser (Continuum 7020 or Surelite 
II YAG with a ND 6000 dye laser, 7 ns pulse, 20 Hz repetition rate) operating 
with a Rhodamine 590/610 dye mix.  Typically, 1-2 mJ/pulse of UV radiation 
(~0.15 cm-1 bandwidth) is passed into the vacuum chamber.  The UV laser is 
calibrated using the well-known frequencies of OH A-X (2,1) or (1,0) lines.11,16 
          Tunable IR radiation in the vicinity of 2 µm is generated using two 
different optical parametric oscillator (OPO) systems.  Both OPO systems are 
pumped by injection-seeded Nd:YAG lasers (Continuum Precision 8000, 7-8 ns 
pulse width, 10 Hz repetition rate).  The IR transitions were initially identified 
with a 0.15 cm-1 bandwidth OPO (LaserVision) that delivers up to 10 mJ/pulse 
of IR radiation.  This OPO operates with 532 nm radiation to pump the KTP 
oscillator and 1064 nm radiation to pump the KTA amplifier stage.  Linewidth 
measurements were then made using a single longitudinal mode OPO 
(Continuum Mirage 3000) with a narrow bandwidth (0.02 cm-1) that generates 
up to 5 mJ/pulse of IR radiation.  The 532 nm pumped master oscillator (MO) 
operates on a single longitudinal mode by active cavity length stabilization.  The 
signal output of the KTP based MO beam is amplified in a KTP nonresonant 
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oscillator (NRO), which simultaneously produces the desired near infrared idler 
beam.17 
          The absolute and relative frequencies of the output of each OPO are 
calibrated with each scan.  The absolute frequency is determined by recording a 
CO2 photoacoustic spectrum and comparing the observed lines with well-
documented transitions in the HITRAN database.18  Relative frequency markers 
are generated with an etalon (FSR ~ 0.20 or 0.34 cm-1).  The relative frequency 
scale of each spectrum is determined by linear interpolation between adjacent 
etalon fringes to correct for nonlinearities introduced by mechanical 
imperfections in the motor and/or piezo driven stages of the OPO.17,19  The 
absolute frequency of each line in the FDIR spectra is established by fitting the 
data to both photoacoustic and etalon traces simultaneously. 
          The UV and IR laser beams are counterpropagated into the vacuum 
apparatus, where they are spatially overlapped in the collision-free region of the 
supersonic expansion approximately 1.5 cm downstream from the exit of the 
quartz capillary tube.  The UV beam is unfocused with a 3 mm diameter; the IR 
beam is attenuated and defocused as needed to reduce the power density inside 
the chamber.  The OH LIF signal is collected using f/1 optics and detected with 
a photomultiplier tube (EMI 9813Q) positioned perpendicular to both the laser 
and supersonic expansion axes.  Bandpass filters centered at 320 or 308 ± 10 nm 
are used to block scattered light arising from the ArF and UV lasers while still 
passing fluorescence in the OH A-X (2,2) or (1,1) spectral regions.  The 
fluorescence signal is preamplified, integrated over a 50 – 200 ns gate 
(depending on the lifetime of the fluorescing state), and transferred to a 
laboratory computer for further analysis. 
          The lasers are synchronized such that the IR laser (10 Hz) is present for 
every other UV laser pulse (20 Hz).  The UV laser pulse typically precedes the 
IR laser pulse by 20 ns.  The ‘UV only’ signal is subtracted from the ‘UV+IR’ 
signal on alternating pulses to yield “fluorescence-normalized” FDIR spectra, 
with data stored as ( )UV IR UV+ −   .
20  This active baseline subtraction 
procedure corrects for fluctuations in the fluorescence signal.  In addition, the 
‘UV only’ signal is retained on a separate data acquisition channel.  Typically, 
the fluorescence normalized FDIR signal arising from 150 laser shots (75 
IR+UV and 75 UV only) is collected and averaged for each data point. 
 
 
7.3.  RESULTS AND ANALYSIS 
 
A sequential UV-IR double resonance excitation technique is used to access 
individual rotational levels of the excited OH A 2Σ+(v’=4, N’) state, which is 
illustrated in Fig. 7.2.  The UV transition is carefully selected to prepare a single 
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rovibronic level of the excited OH A 2Σ+(v’=2, N’) state (see below); the IR 
laser subsequently promotes the OH radicals to strongly predissociative levels 
of the OH A 2Σ+(v’=4) state.  FDIR spectra of the 4←2 overtone transition in the 
excited OH A 2Σ+ electronic state are obtained by scanning the IR laser and 
detecting the resultant dips in the fluorescence emission from the A 2Σ+(v’=2) 
state.  The transition frequencies and linewidths of various P- and R-branch 
lines of the overtone transition are measured.  The homogeneous linewidths are 
then used to determine the predissociation lifetimes for the N=0-7 rotational 
levels (F1 spin component) of the OH A 2Σ+(v’=4) state.  The standard 
spectroscopic notation for the OH A 2Σ+ state is used here,16,21 as briefly 
summarized in Ref. 22. 
          Various OH A-X (2,1) lines can be used to prepare the intermediate OH A 
2Σ+(v’=2, N’) state as shown in Fig. 7.2.  The UV transitions originate from OH 
X 2Π (v”=1, J”) levels that are populated via photolysis of HNO3, and 
rotationally relaxed to some extent in the He expansion.23  In principle, it would 
seem most favorable to use R1 or Q1 lines for the UV transition since these 
transitions have stronger line strength factors than P1 lines under saturated LIF 
conditions.30  Also, the R1 and Q1 lines that prepare a given OH A 2Σ+(v’=2, N’) 
state would originate from more populated J” and J”-1 rotational levels than the 
J”+1 level that would be the origin of the P line.  However, both R1 and Q1 lines 
have nearby satellite lines (∆J ≠ ∆N), particularly at low J”, which overlap these 
main branch (∆J = ∆N) lines at the experimental UV linewidth.  The main 
branch lines prepare the upper F1 spin component of the OH A 2Σ+(v’=2, N’) 
state, while the weaker satellite lines prepare the lower F2 spin component.  
Since this is a double resonance experiment, the satellite lines associated with 
UV transitions only become a problem if the subsequent IR overtone transitions 
originating from the F1 and F2 sublevels are also close in frequency.  This is 
indeed the case at low N’, where the P1 and P2 or R1 and R2 lines of the infrared 
overtone transition are expected to overlap one another.  As a result, it was 
necessary to use P1 lines for the OH A-X (2,1) transitions at low J”, since P1 
lines do not have nearby satellite lines and therefore permit preparation of 
individual quantum levels of the OH A 2Σ+(v’=2, N’, F1) state. 
          A least-squares fit to a Voigt line profile is used to extract the frequencies 
and Lorentzian linewidths of the individual dips in the FDIR spectra (Table 7.1). 
The Gaussian parameter of these fits is fixed at the laser bandwidth, 0.02 cm-1 or 
0.15 cm-1 FWHM, while the central frequency, Lorentzian linewidth, baseline, 
and amplitude are variable parameters of the least-squares fit. For each fit, the 
baseline is checked to make sure it returns to zero, while the amplitude is used 
to obtain the magnitude of the depletion. The central frequencies derived from 
multiple measurements of each line are averaged to obtain the reported line 
positions. In addition, six independent measurements of each P1 or R1 line in the 
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Figure 7.2.  Comparison of the vibronic band structure observed by (2+1) REMPI for the OH  
3 2Σ−(v′=0) - X 2Π(v″=0) transition with hexapole focusing ON and OFF.  The Q1(1) and S1(1) 
lines that originate from selected OH (J=3/2, f) state are significantly enhanced with hexapole 
focusing. 
 
FDIR spectrum are recorded, analyzed to extract their Lorentzian linewidths, 
and averaged to obtain the reported values.  The Lorentzian linewidths are then 
used to obtain lifetimes for the predissociative levels. 
The transition frequencies of F1 components of the P1(1)-P1(5) and 
R1(1)-R1(6) lines associated with the 4←2 overtone transition in the excited  
A 2Σ+ electronic state are determined in this work.  The rotational term values 
for the F1 levels in a 2Σ+ electronic state are defined according to the following 
standard expression21 
 
2 1
1 v v v2( ) ( 1) [ ( 1)]F N B N N D N N Nγ= + − + +                                           (7.1) 
 
where Bv is the rotational constant, Dv is the centrifugal distortion constant, and 
γv is spin-rotation coupling constant.  The upper state combination differences, 
i.e. the energy difference between P and R transitions originating from a  
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Table 7.1.  Absolute frequency and linewidths for rovibrational transitions of the 4←2 overtone 
band in the excited OH A 2Σ+ electronic state.  The corresponding lifetime of each OH A 2Σ+ 
(v’=4, N’) level is derived from the experimental linewidth. 
 
OH A 2Σ+ 
(v’=4, N’) 
IR 
Transition 
Transition 
Wavenumber 
(cm-1) a 
Lorentzian 
Linewidth (cm-1) b 
Lifetime 
(ps) 
0 P1(1) 4948.46(8) 0.24(3) 22(3) 
1 P1(2) 4914.69(8) 0.23(5) 23(5) 
2 P1(3) 4876.90(8) 
c       ... 
3 P1(4) 4835.99(8) 
c       ... 
4 P1(5) 4791.73(8) 
c       ... 
2 R1(1) 5029.70(8) 0.29(3) 18(2) 
3 R1(2) 5049.34(8) 0.26(6) 21(5) 
4 R1(3) 5065.54(8) 0.27(5) 20(4) 
5 R1(4) 5077.90(8) 0.26(5) 21(4) 
6 R1(5) 5086.38(8) 0.30(6) 18(4) 
7 R1(6) 5091.01(8) 0.31(6) 17(3) 
 
a Repeated measurements of the line positions have yielded an uncertainty (1σ) of 0.08 
cm-1 as compared to the IR laser bandwidth of 0.15 cm-1. 
b The uncertainty in the linewidth reflects the standard deviation (1σ) from multiple 
determinations; an IR laser bandwidth of 0.02 cm-1 was utilized for linewidth 
measurements. 
c Linewidths were not measured for these P1 lines; instead, the stronger R1 lines that 
accessed the same OH A 2Σ+(v’=4, N’) level were utilized. 
  
common N level,can be expressed as: 
 
31 1
2 1 v v v v2 2( ) (4 6 )( ) 8 ( )F N B D N D N γ∆ = − + − + + .                                (7.2) 
 
From analysis of combination differences associated with five different N levels 
in a weighted least-squares fit, the spectroscopic constants are determined to be 
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B4 = 13.50(3) cm-1, D4 = 0.0018(4) cm-1, and γ4 = 0.2(3) cm-1 (see Table 7.2).  
The band origin ν0 is found to be 4979.13(8) cm-1 based on the experimental 
P1(1) line position and previously reported spectroscopic data for OH A 2Σ+ 
(v’=2).31  The spectroscopic constants (ν0, B4, D4, and γ4) were also evaluated in 
a separate least-squares fitting procedure that minimizes the squares of the 
residuals between the observed and calculated positions of these 11 lines, while 
holding the rotational constants for v′=2 at their literature values.31  The two 
procedures yield nearly the same values for the spectroscopic constants (see 
Table 7.2).  The vibrationally averaged internuclear separation for OH A 2Σ+ 
(v’=4) is thus found to be 1.147(1) Å.  Furthermore, the vibrational energy G(4) 
is determined to be 10760.80(8) cm-1 relative to A 2Σ+(v’=0, N’=0).  
Unfortunately, the spin rotation constant, γ4, estimated to be on the order of 
~0.18 cm-1,32  is not well determined in either of the fitting procedures. 
          The FDIR spectroscopy technique was initially tested for linewidth 
measurements using an IR overtone transition to access predissociative levels in 
the OH A 2Σ+(v’=3) state that have been previously characterized.8,9  For this 
experiment only, the UV laser excites a rovibronic transition in OH A 2Σ+ - X 2Π 
(1,0) region; the IR laser subsequently excites OH on the 3←1 overtone 
transition in the A 2Σ+ state.  The overtone transition was found to be readily 
saturated by the unfocused output of the single-mode OPO.  As a result, it was 
necessary to attenuate the IR power density by defocusing and/or using neutral 
density filters to obtain a homogeneous linewidth that reflects the true 
predissociative lifetime of the OH A 2Σ+(v’=3, N’) state.  The power density was 
reduced sufficiently to obtain a Lorentzian linewidth of Γ=0.065 cm-1 (FWHM) 
for the P1(10) line of the 3←1 overtone transition (see Fig. 7.3) as a test case.  
This homogeneous linewidth observed for the transition terminating on the F1 
component of the OH A 2Σ+(v’=3, N’=9) state agrees well with the previously 
determined values of 0.06 to 0.07 cm-1,8-10  verifying the applicability of the 
FDIR technique for linewidth measurements. 
          Linewidth measurements were also carried out for overtone transitions 
that access the N’=0-7 levels of the OH A 2Σ+(v’=4) state (F1 spin component).  
The resultant line profiles are shown in Fig. 7.3 with central frequencies aligned 
on a relative frequency scale and amplitudes scaled to a constant value.  The 
Lorentzian linewidths extracted from the Voigt line profiles along with the IR 
transitions used to make these measurements are given in Table 7.1.  The 
Lorenztian linewidths range from 0.23 to 0.31 cm-1 and are significantly broader 
than that observed for OH A 2Σ+(v’=3, N’=9), indicating much faster 
predissociation rates for v=4.  The corresponding lifetimes for OH A 2Σ+(v’=4, 
N’=0-7) are also tabulated in Table 7.1. 
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Table 7.2.  Spectroscopic constants (cm-1) for OH A 2Σ+(v’=4) derived from the 4←2 overtone 
band, and comparison with values from a merged fit and Dunham coefficients. 
 
Parameter Present work 
analyzed by 
combination 
differences 
Present work fit 
by transition 
wavenumbers 
Coxon et al. 
merged fit a 
Dunham 
coefficients b 
G(4) 10760.80(8) 10760.9(1) 10760.84 c 10760.859 
ν0 4979.13(8) 4979.2(1) 4979.17
 c 4979.087 
B4 13.50(3) 13.51(3) 13.5172(22) 13.5204 
D4 0.0018(4) 0.0021(3) 0.00238(15) ...
 d 
γ4 0.2(3) 0.2(3) 0.178(10) ...
 d 
a See Table III of Ref. 32. 
b See Table I of Ref. 33. 
c Derived from term values in Refs. 31 and 32. 
d Relevant coefficients not reported Ref. 33. 
 
 
          The percentage depletion in FDIR spectra is evaluated according to 
[ ]
100%
ave
UV IR UV
UV
+ −
⋅ ,                                                           (7.2) 
 
where UVave is the average signal level on the “UV only” channel during a dip 
measurement.  The magnitude of the dip depends on the IR laser power density, 
the population of the intermediate v’=2 level, and the Hönl-London factor for 
the overtone transition, the latter being stronger for R1 lines than P1 lines and 
both increasing with N. The percentage depletion can approach 100% in these 
experiments, as OH radicals promoted to the v’=4 state rapidly predissociate 
and are not cycled back to the intermediate v’=2 level. The magnitude of 
depletitions was kept at the 10-20% level for linewidth measurements to 
minimize ‘depletion’ broadening;8 this was achieved by adjusting the IR laser 
power density.  Increasing the percentage depletion to ∼20% did not result in 
measurable broadening of the lines.  Since the ( )UV IR UV+ −    signal level 
typically varies by ±2% due to pulsed laser fluctuations, even in the absence of 
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Figure 7.3: Fluorescence-dip infrared (FDIR) spectra of rovibrational lines in the 3←1 and 4←2 
overtone bands of the excited OH A 2Σ+ state plotted on a relative wavenumber scale.  Various P1 
and R1 lines (Table 7.1) are used to access the OH A 
2Σ+ v’=3, N’=9 and v’=4, N’=0-7 levels.  The 
line profiles are fit to a Voigt lineshape (smooth curve through data) to extract the frequencies and 
Lorentzian linewidths of individual dips in the FDIR spectra. 
 
an IR transition, dips of at least 10% magnitude were needed to obtain 
adequate signal-to-noise ratios for accurate fitting of the line profiles. 
 
 
7.4.  DISCUSSION 
 
The FDIR measurements of the 4←2 vibrational overtone band in the excited 
OH A 2Σ+ electronic state were used to obtain spectroscopic constants for v’=4.  
As shown in Table 7.2, the rotational constants (B4, D4, γ4) obtained for v’=4 are 
in good agreement with values from a merged fit by Coxon et al.,32 which was 
based on two prior experimental studies: LIF excitation on the A 2Σ+ ← X 2Π 
(4,2) transition13 and dispersed fluorescence on the B 2Σ+ → A 2Σ+ (1,4) 
transition.14  The constants G(4), ν0, and B4 are also in good accord with the 
values derived from Dunham coefficients for the OH A 2Σ+ electronic state.33 
The Dunham coefficients are based on a compilation of spectroscopic data for 
the OH A 2Σ+ state up to v’=9.  The line positions reported here can, in principle, 
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be combined with earlier experimental data in a global fit to obtain refined 
values for the spectroscopic constants of the OH A 2Σ+ state.  However, this is 
beyond the scope of the present work, which is focused primarily on 
predissociation dynamics. 
          Prior to the present experimental study, the predissociation lifetimes of 
the OH A 2Σ+ (v’=0-4, N) levels had been investigated theoretically by Parlant 
and Yarkony.1,4 Their calculations were carried out using exact time-
independent quantum dynamics based on spin-orbit and Coriolis couplings 
derived from multireference configuration interaction wavefunctions.  In 
addition, they performed approximate calculations based on the Fermi golden 
rule, which yielded very similar lifetimes.  The predissociation rates were found 
to be largely determined by the spin-orbit interaction in the crossing region 
between the A 2Σ+ state and the repulsive curve (4Σ−, 2Σ−, 4Π).  Thus, the location 
of a rovibrational level relative to a crossing determines the importance of a 
particular repulsive potential in inducing predissociation and the rate for this 
process. 
          The A 2Σ+(v’=0−3) levels at low N lie below the crossing with the lowest 
repulsive state (4Σ−), and predissociation of these levels is predicted to proceed 
through a single dissociative potential (4Σ−).1,4  For the v’=0−3 levels, there is a 
strong increase in the rate of predissociation with N, due to the increased spin-
orbit coupling as the rovibrational level approaches the 4Σ− crossing.  On the 
other hand, the A 2Σ+(v’=4) level at low N lies between the 4Σ− and 2Σ− crossings 
and, as a result, decays through spin-orbit interactions with multiple repulsive 
potentials (4Σ−, 2Σ−, and 4Π).1  Consequently, the predissociation lifetimes in 
v’=4 are computed to be much shorter (by a factor of 10 or more) than those of 
lower vibrational levels of the A 2Σ+ state.  For A 2Σ+(v’=4, N’=0), 
predissociation is predominantly a result of interaction with the lowest repulsive 
4Σ− potential (~72%), while for N’=14 the highest repulsive 4Π potential 
dominates (~78%).  Furthermore, the predissociation lifetimes for v’=4 are 
predicted to be relatively invariant with N’, decreasing from 19 to 13 ps for the 
F1 levels with N’=0 to 10.  The F2 levels are computed to have essentially the 
same lifetimes of the corresponding F1 levels, and thus the experimental work 
focuses on the F1 levels only.  The weak N-dependence appears to result from 
the unusual coupling of three different potentials to the A 2Σ+ (v’=4, N’) levels. 
          The experimental lifetimes, obtained directly from the linewidths of FDIR 
spectra (Fig. 7.3), vary between 23(5) and 17(3) ps for the N’=0 to 7 levels (F1) 
in the A 2Σ+(v’=4) state.  The experimental linewidths are in very good 
agreement with the theoretical predictions described above, and both are 
displayed in Fig. 7.4.  In addition, the experimental values are relatively 
unchanged with N, showing only a slightest trend of increasing linewidth with 
N, in accord with theoretical predictions.1 
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          The present linewidth measurements are significantly different (by a 
factor of 3) from the experimental results of Copeland et al.,13 in which 
linewidths of 0.65 – 1.0 cm-1 were reported for the OH A 2Σ+(v’=4, N’=0-11) 
levels.  The discrepancy most likely originates from the experimental linewidth 
of ∼0.6 cm-1 in the earlier measurements, which results from a convolution of 
the Doppler width at flame temperatures (∼0.5 cm-1 near 2000 K) and the laser 
bandwidth.13  Thus, the present experiments performed with a single-mode 
optical parametric oscillator (0.02 cm-1 bandwidth) under jet conditions yield 
improved linewidth measurements for the N’=0-7 levels of the A 2Σ+(v’=4) 
state. 
          The lifetime of the intermediate A 2Σ+(v’=2, N’) state presents a limitation 
in the present FDIR measurements.  The total lifetime of the v’=2 intermediate 
state decreases from 122 ns for N’=0 to 47 ns for N’=7,11 as a result of the 
increase in the rate of predissociation with N’.  There is a concomitant decrease 
in the fluorescence quantum yield with N’, which drops from Φfl = 0.151 to 
0.055 for N’=0 to 7.11  A combination of the decrease in the fluorescence 
lifetime and reduction in fluorescence quantum yield for the intermediate state 
has prevented us from obtaining transition frequency and/or linewidth 
measurements for OH A 2Σ+(v’=4, N’>7). 
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Figure 7.4.  Linewidths and corresponding lifetimes of OH A 2Σ+(v’=4, N’) rotational levels 
derived from Lorentzian component of FDIR line profiles (filled circles) and first principle theory 
(open triangles; Ref. 1).  The linewidths are nearly invariant over the range of rotational levels 
examined. 
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7.5. CONCLUSIONS 
 
A UV-IR double resonance technique has been employed to access highly 
predissociative rovibrational levels of the excited A 2Σ+ electronic state of the 
OH radical.  The UV excitation prepares a single rovibronic level of the  
A 2Σ+(v’=2) state, and subsequent IR excitation is used to access the A 2Σ+ 
(v’=4) state.  Spectroscopic studies of the 4←2 overtone transition yield the 
vibrational origin as well as rotational, centrifugal distortion, and spin-rotation 
constants for the OH A 2Σ+(v’=4) state.  The resultant values are in good accord 
with spectroscopic parameters for the OH A 2Σ+ state derived from other types 
of measurements.13,14,32  The predissociation dynamics of the OH A 2Σ+(v’=4) 
state is examined through linewidth measurements.  The Lorentzian linewidths 
extracted from Voigt line profiles demonstrate that the N’=0-7 rotational levels 
of the OH A 2Σ+(v’=4) state undergo rapid predissociation, with lifetimes on the 
order of 20 ps.  The experimental lifetimes are in excellent accord with first 
principle theoretical studies,1,4 which have attributed the rapid decay to spin-
orbit coupling with three repulsive potentials (4Σ−, 2Σ−, and 4Π).  The lifetimes 
indicate that the fluorescence quantum yield from the OH A 2Σ+(v’=4) state is 
essentially zero (~10-5).  In the present experiments, fluorescence is detected 
exclusively from the A 2Σ+(v’=2) state, with a dip detected each time the IR laser 
is resonant with an overtone transition. 
          FDIR spectroscopy is useful for investigating systems in which the upper 
state is not easily detected due to a low fluorescence quantum yield.  The 
double-resonance aspect of the method may also make it advantageous in 
situations where a direct excitation process has poor Franck-Condon overlap.  
Consequently, it has high utility for linewidth measurements of highly 
predissociative states, such as the OH A 2Σ+(v’=4) state reported here.  Future 
studies may include the investigation of higher vibrational levels of the A 2Σ+ 
state of the hydroxyl radical and its deuterated analog OD.  In addition, FDIR 
spectroscopy can be extended to polyatomic systems, e.g. alkoxy radicals,34 
which have low fluorescence quantum yields in excited electronic states due to 
predissociation or other nonradiative decay processes. 
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Summary 
 
 
 
In this thesis photodissociation, photoionization and fluorescence emission of 
the hydroxyl (OH) free radical is studied. The hydroxyl radical, as in 
intermediate species in many chemical reactions, play a key role in astrophysics, 
atmospheric chemistry, combustion and many other chemical processes. Due to 
its small size and open-shell structure hydroxyl free radical is also of 
fundamental interest as a testing ground for ab-initio theory.  
          Despite its obvious importance in a wide range of systems, very few 
modern collision-free experimental studies of the photodissociation and 
photoionization dynamics of the hydroxyl radical have been reported, due in 
part to its reactive nature and to its rather high lying excited electronic states. 
The present thesis shows that the combination of efficient discharge production 
and hexapole state selection of OH radicals, velocity map imaging and tuneable 
UV lasers are quite useful for the study of photodissociation and 
photoionization of OH radicals.  Laser induced fluorescence and fluorescence 
depletion methods are also a good combination to characterize the line 
positions, linewidth, and corresponding lifetimes of highly predissociative 
rovibrational levels of the excited electronic states of the OH radical. 
          In the work described in this thesis a variety of wavelengths from the UV 
to the VUV are used to study the photodynamics of OH. The resulting 
dissociation products (O and H), ionization products (OH+), and fluorescence 
emission are studied in different chapters of this thesis and they are detected 
using advanced imaging methods.  
          Chapter 2 of this thesis presents the experimental setup, the production 
and hexapole state selection of OH radicals, alignment and orientation of OH by 
the hexapole focusing lens and gives a general overview of the experimental 
methods used in studies of the OH radical, as well. Special attention is paid to 
the effects of hexapole state selection and orientation of the OH sample on the 
measured data.  
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          Chapter 3 is focused on the spectroscopic characterization and dynamics 
of the D 2Σ- and 3 2Σ- Rydberg states of OH by the (2+1) resonance enhanced 
multiphoton ionization (REMPI) technique. A jet-cooled and hexapole state 
selected beam of OH radicals yields a simplified two-photon spectra of the D 2Σ- 
(v’=0-3) and 3 2Σ-(v’=0,1) vibronic levels, thereby extending previous studies to 
higher vibrational levels in each of the Rydberg states. This work confirms that 
highly excited vibrational levels are present in the discharge beam. New 
transitions of the OH radical are observed and contain only a few rotational 
lines, which means that the OH radical produced by the discharge is rotationally 
very cold, but vibrationally hot. Complementary first-principle theoretical 
studies of the properties of the D 2Σ- and 3 2Σ- Rydberg states are used to 
interpret the experimental findings and examine the utility of this (2+1) REMPI 
scheme for sensitive detection of OH radicals. 
          In Chapter 4 and Chapter 5 the photodissociation dynamics of state 
selected OH/OD radicals has been examined using the velocity map imaging 
technique to probe the angle-speed distributions of the D(2S) and O(3PJ) 
products.  For photodissociation and detection of O(3PJ) from OH and OD,  and  
D (2S) from OD we used the same laser. State-selective detection of O(2p4  3PJ) 
products is achieved either by (2+1) REMPI through the O(2p33p1, 3PJ) states at 
~ 226 nm or by (2+1) REMPI through the O(2p34p1, 3PJ) states at ~ 200 nm. 
State-selective detection of D(1s 2S) products is achieved either by (2+1) 
REMPI through the D(2s 2S) state at 243 nm or by (2+1) REMPI through the 
D(3s 2S) state using 205 nm.Both experiment and complementary first principle 
calculations demonstrate that direct dissociation by excitation of vibrationally 
hot OH/OD molecules in the X
 2
Π state to the repulsive 1
2
Σ- state takes place. 
The measured and predicted branching ratios and alignment parameters agree 
well at all dissociation wavelengths, supporting the model for photodissociation 
in the sudden limit regime. Experimental aspects of OH pre-alignment and 
orientation due to the hexapole focusing method, then ion-recoil from the 
photoionization step and Doppler-free imaging are also discussed.  
          In Chapter 6 predissociation of the (N’= 0, 1, and 2) rotational states of 
OH A 2Σ+(v’=3) using hexapole state selection of OH and velocity map imaging 
of the atomic oxygen photofragments has been investigated. Predissociative 
levels of the A 2Σ + state are pumped using ~245 nm radiation to reach the (v’=3) 
level which crosses three repulsive curves (14Σ-, 12Σ-, and 14Π) and then the 
resulting O(
3
PJ) atom fragments using (2+1) REMPI at ~226 nm are probed. 
Measurements of the product branching ratios, angular distributions and angular 
momentum alignment of O(3PJ) photofragments have been presented in this 
Chapter 6. We have shown that within our experimental uncertainty our data 
confirms the simple sudden limit model for photodissociation via the 14Σ- state. 
          In the Chapter 7 a UV-IR double resonance technique has been employed 
to access highly predissociative rovibrational levels of the excited A 2Σ+(v’=4) 
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electronic state of the OH radical.   The predissociation dynamics of the OH A 
2Σ+(v’=4) state is examined through linewidth measurements.  The 
homogeneous linewidth measurements, ranging from 0.23 to 0.31 cm-1 FWHM, 
demonstrate that the N’=0-7 rotational levels of the OH A 2Σ+(v’=4) state 
undergo rapid predissociation, with lifetimes on the order of 20 ps. The 
experimental lifetimes are in excellent accord with first principle theoretical 
studies, which have attributed the rapid decay to spin-orbit coupling with three 
repulsive potentials (4Σ-, 12Σ- and 4Π).  
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Samenvatting 
 
 
 
In dit proefschrift is fotodissociatie, fotoionizatie en fluorescentie emissie van 
het hydroxyl (OH) vrije radicaal bestudeerd. Het hydroxyl radicaal, een 
intermediair in veel chemische reacties, speelt een belangrijke rol in astrofysica, 
atmosferische chemie, verbranding en vele andere chemische processen. 
Vanwege de kleine omvang en open-schil structuur is het hydroxyl vrije 
radicaal ook interessant als een proefsysteem voor ab-initio theorie. 
          Ondanks het duidelijke belang van OH zijn er slechts weinig moderne 
botsingsvrije experimentele studies gerapporteerd over de fotodissociatie en 
fotoionizatie dynamica van het hydroxyl radicaal, deels vanwege zijn reactieve 
karakter en relatief hoog gelegen aangeslagen electronische toestanden. Dit 
proefschrift laat zien dat de combinatie van efficiente ontladingsproductie en 
hexapool toestandsselectie van OH radicalen, velocity map imaging en 
afstembare UV lasers zeer bruikbaar is voor de studie naar fotodissociatie en 
fotoionizatie van OH. Laser geinduceerde fluorescentie en fluorescentie depletie 
methodes zijn ook een goede combinatie om de lijnposities, lijnbreedtes en 
corresponderende levensduren van predissociatieve rovibrationele niveaus van 
de aangeslagen electronische toestanden van OH te karakteriseren.  
          In het werk beschreven in dit proefschrift is een breed scala aan 
golflengtes van UV tot VUV gebruikt om de fotodynamica van OH te 
bestuderen. De resulterende dissociatieproducten (O en H), ionizatieproducten 
(OH+) en fluorescentie emissie zijn bestudeerd in verschillende hoofdstukken 
van dit proefschrift en zijn gedetecteerd met behulp van geavanceerde imaging 
methodes. 
          Hoofdstuk 2 van dit proefschrift beschrijft de experimentele opstelling, de 
productie en hexapool toestandsselectie van OH radicalen, de mogelijke 
oriëntatie van OH door de hexapool focusing lens, en geeft bovendien een 
algemeen overzicht van de experimentele methodes die gebruikt zijn in studies 
naar het OH radicaal. Extra aandacht is besteed aan de effecten van hexapool 
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toestandsselectie en oriëntatie van OH op de gemeten data.  
          Hoofdstuk 3 is gericht op de spectroscopische karakterisering en 
dynamica van de D 2Σ- en 3 2Σ- Rydberg toestanden van OH door de (2+1) 
resonance enhanced multiphoton ionization (REMPI) techniek. Een 
supersonisch gekoelde en hexapool toestandsgeselecteerde bundel van OH 
radicalen  levert  vereenvoudigde  twee - foton  spectra  van de D 2Σ-(v’=0-3) en  
3 2Σ-(v’=0,1) vibronic niveaus, waarmee voorgaande studies zijn uitgebreid naar 
hogere vibrationele niveaus in elk van de Rydberg toestanden. Dit werk 
bevestigt dat hoog aangeslagen vibrationele niveaus aanwezig zijn in de 
ontladingsbundel. Nieuwe overgangen van het OH radicaal zijn geobserveerd en 
bevatten slechts enkele rotationele lijnen, wat betekent dat het OH radicaal 
geproduceerd door de ontlading rotationeel zeer koud is, maar vibrationeel heet. 
Complementaire ab-initio theoretische studies naar de eigenschappen van de D 
2Σ- en 3 2Σ- Rydberg toestanden zijn gebruikt om de experimentele bevindingen 
te interpreteren, en om te onderzoeken in hoeverre dit (2+1) REMPI schema 
gebruikt kan worden voor gevoelige detectie van OH radicalen.  
          In hoofdstukken 4 en 5 is de fotodissociatie-dynamica van 
toestandsgeselecteerde OH/OD radicalen onderzocht door middel van de 
velocity map imaging techniek om de snelheidsdistributies van de D(2S) en 
O(3PJ) producten te karakteriseren. Dezelfde laser is gebruikt voor 
fotodissociatie en voor detectie van O(3PJ) van OH/OD en D (2S) van OD. 
Toestandsselectieve detectie van O(2p4, 3PJ) producten is bereikt door (2+1) 
REMPI via de O(2p33p1, 3PJ) toestanden bij 226 nm of door (2+1) REMPI via 
(2p34p1, 3PJ) bij 200 nm. Toestandsselectieve detectie van D (1s 2S) producten is 
bereikt door (2+1) REMPI via de D(2s 2S) toestand bij 243 nm of door (2+1) 
REMPI via de D(3s 2S) toestand bij 205 nm. Zowel het experiment als de 
complemetaire ab-initio berekeningen demonstreren dat directe dissociatie 
plaatsvindt door excitatie van vibrationeel aangeslagen OH/OD moleculen in de 
X
 2
Π toestand naar de repulsieve 12Σ- toestand. De gemeten en voorspelde O(3PJ) 
J-toestandsverdeling en polarisatie parameters komen goed overeen bij alle 
dissociatie-golflengtes, waarmee het diabatische model voor fotodissociatie 
wordt ondersteund. Experimentele aspecten van OH prepolarisatie door de 
hexapool focusing methode, daarna “ion-recoil” van de fotoionizatie-stap en 
Doppler-vrije imaging worden ook besproken. 
          In hoofdstuk 6 is predissociatie van de (N’= 0, 1, and 2) rotationele 
toestanden van OH A 2Σ+(v’=3) onderzocht door gebruik van hexapool 
toestandsselectie en velocity map imaging van de atomaire zuurstoffragmenten. 
Predissociatieve niveaus van de A 2Σ+ toestand zijn gepompt met 245 nm 
straling om het (v’=3) niveau te bereiken, dat gekruist wordt door drie 
repulsieve curves (14Σ-, 12Σ-, and 14Π). Vervolgens zijn de resulterende O(3PJ) 
atomaire fragmenten gekarakteriseerd door middel van (2+1) REMPI bij 226 
nm. Metingen van de O(3PJ) product J-toestandsverdeling, hoekverdeling en 
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draaiimpulsmoment polarisatie van de O(3PJ) fotofragmenten zijn gepresenteerd 
in dit hoofdstuk. We hebben aangetoond dat, binnen de experimentele 
foutmarge, de data het eenvoudige sudden limit model voor fotodissociatie via 
de 14Σ- toestand bevestigen. 
          In hoofdstuk 7 is een UV-IR dubbele resonantie techniek gebruikt om 
sterk predissociatieve rovibrationele niveaus van de aangeslagen A 2Σ+(v’=4) 
electronische toestand van OH te bereiken. De predissociatie-dynamica van de 
OH A 2Σ+(v’=4) toestand is onderzocht door metingen van lijnbreedtes. De 
gemeten homogene lijnbreedtes, variërend van 0.23 tot 0.31 cm-1 FWHM, laten 
zien dat de N’=0-7 rotationele niveaus van de OH A 2Σ+(v’=4) toestand zeer 
snelle predissociatie ondergaan, met levensduren in de orde van 20 ps. De 
experimentele levensduren zijn in uitstekende overeenstemming met ab-initio 
theoretische studies, die het snelle verval hebben toegeschreven aan spin-baan 
koppeling met drie repulsieve potentialen (4Σ-, 12Σ- and 4Π). 
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